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ABSTRACT 
Tracing dust in the Southern Hemisphere over the last glacial cycle 
Alejandra Borunda 
 
Mineral dust both influences and is influenced by climate on many timescales, from 
seconds to epochs. Its complex interactions with the climate system are still being 
unraveled. For example, dust fluxes change in tandem with other records of past changes 
in climate, and dust source is often presumed to change as well, in response to shifts in 
climate conditions in source regions; changes in wind regimes; or changes in atmospheric 
transport pathways. In this work, I investigate dust records from the Southern 
Hemisphere from ice core and marine sediment core climate archives, looking at both 
flux and provenance in order elucidate the conditions that allowed for those particles to 
travel from source to sink. Using multiple radiogenic isotope systems as tracers (87Sr/86Sr, 
εNd(0),  206Pb/207Pb, and 208Pb/207Pb),  I geochemically “fingerprint” of dust particles from 
Southern Hemisphere climate archives over the last glacial cycle. I compare the dust 
fingerprints to potential source areas (PSA’s) from across the Southern Hemisphere in 
order to identify the sources of dust found in the WAIS Divide and Taylor Glacier ice 
cores from West Antarctica, as well as from marine sediment core ELT39.75 in the 
Tasman Sea. I use endmember mixing theory to determine the relative contribution of 
different sources to the climate archives over time. In West Antarctica, I geochemically 
identify specific local volcanoes from Marie Byrd Land as significant particle 
contributors to the WAIS Divide ice core during the previous glacial period. In the 
Tasman Sea, I identify a specific region of southeastern Australia as primary the dust 
source over the past glacial cycle, with the source remaining constant across glacial-
interglacial climate transitions. This clarifies that the “fingerprint” of Australian dust is 
relatively invariant over time and allows a single Australian signature to be used as an 
endmember for identifying dust provenance in climate archives downwind. I also identify 
the dust sources in the WAIS Divide during the Last Glacial Maximum and through the 
early deglacial, identifying southern South America as the predominant source during 
cold stages. WAIS Divide and Taylor Glacier dust records do not record dust source 
changes across millennial-scale climate events, suggesting that a) the source regions did 
not change, b) the transport pathways remained pinned, or c) the proxy is not sensitive to 
changes in these variables. Contributions from local volcanoes are also inferred from the 
WAIS dust record using mixing theory. In summary, I find that the radiogenic isotope 
fingerprint of dust samples from the archives analyzed show subtle or no changes in 
source over climate transitions, and therefore the strategy of dust particles as a tracer of 
past atmospheric circulation pathways should be approached cautiously.  
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Chapter 1 : Introduction 
1. Study Motivation, Aims, and Chapters 
Dust is everywhere: on windowsills and whipping through the streets, floating in 
the air and settling to the ground. When I worked on a cattle ranch during a drought, the 
weathered red mineral soils and dusts of Hawaii settled into the sweat lines around my 
eyes so thickly it felt like I was wearing eyeliner. But until I started this work, I rarely 
took much notice of dust. It was a nuisance--a thing to clean up, and there was always too 
much of it-- or a signal that the soil around me was too dry and needed a drenching. Then 
I started the research I present here: a detailed analysis of dust particles from ice cores in 
one of the most remote corners of the world, central West Antarctica. Dust, I learned, was 
fascinating. It plays myriad roles in the past and present climate system, yet we 
understand little of the precise mechanisms by which it does so.  
 Where does dust come from? Mineral dust, the subject of this thesis, is an 
amalgamation of smushed-up pieces of rocks, the mineral detritus of physical or chemical 
weathering. It carries a geochemical “fingerprint” of its original source locked up in the 
minerals of which is composed. We can use that fingerprint to figure out the source of 
dust we find in some far-off place such as a marine sediment core or an ice core. If we 
can identify where on Earth dust is sourced, coupled with where we found a dust deposit, 
we can better understand both the climate conditions—such as aridity or windiness, 
variables that contribute to dustiness--at that dust inception point, and the atmospheric 
transport pathways that brought it from source to sink.  
 Dust makes its way to all corners of the planet, including to the remote, icy 
plateaus of Antarctica, where the particles that settle onto the ice sheet are preserved in 
the ice matrix contemporaneously with other climate markers. Ice cores drilled into the 
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ice sheets blanketing the continent provide highly temporally-resolved records of past 
climate, including dust. The WAIS Divide ice core, recently drilled in central West 
Antarctica, has particularly remarkable temporal resolution and dating precision, making 
it an invaluable archive in which to interrogate the dust record. By extracting dust 
particles from particular time periods of interest in the ice core and identifying their 
minerology and geochemical signature, we can answer questions about how dust sources 
in West Antarctica have changed over time and across climate regimes.  
 In this thesis, I set out to answer several basic questions about how dust 
provenance in West Antarctica (Chapter 2, 4) and in a marine sediment core tracking the 
dust en-route to Antarctica (Chapter 3) changed across different climate states over the 
last glacial cycle.  First, we analyze the source of dust delivered to West Antarctic during 
the last glacial period. The dominant source of dust in East Antarctica during past glacial 
periods is southern South America, but the dust sources to West Antarctica were 
unknown. Second, we evaluate whether that source changes through time. Previous work 
from East Antarctica suggests that dust sources differ during different climate conditions, 
and we test if this holds true also for dust transported to the West Antarctic Ice Sheet.  
 I will explore these questions in the three chapters of this thesis. First, I consider 
local West Antarctic volcanism as a potential confounding factor in dust-source 
identification. West Antarctica is a major center of ongoing rifting and associated 
volcanism; tephra and ash layers stipple the WAIS Divide record, and a small proportion 
of volcanically-sourced particles can dramatically alter the geochemical signature of a 
dust sample. In Chapter 2, I investigate the local volcanic sources to WAIS Divide and 
identify specific volcanoes that activate and turn off throughout the ice core record. These 
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volcanoes, with their distinctive geochemical signatures, are key to understanding the rest 
of the WAIS Divide dust record. They also provide valuable insights into sources and 
extent of regional volcanism during the past glacial period. 
I also had to address a problem that had been left unanswered in the literature: 
that some of the Australian potential sources had geochemical signatures similar to those 
observed for potential Patagonian sources. If these signatures are identical, it is 
impossible to discern between the two sources and therefore impossible to distinguish 
between two very different atmospheric transport scenarios. In Chapter 3, I investigate 
the signature of dust exported off the Australian continent over the last glacial cycle in 
order to delve into the regional climate dynamics of southeastern Australia and identify 
an “Australian” signature with which to unravel the dust fingerprints we found in the 
distal ice cores.  
Finally, I use these prior investigations into Southern Hemisphere potential source 
areas to answer my primary question: what is the source region of dust deposited on the 
West Antarctic Ice Sheet, and has this source changed through time? In Chapter 4, I 
identify the dust sources during the last glacial period in West Antarctica, across 
millennial-scale climate events, and through the deglacial period.  
In all three chapters, I use 87Sr/86Sr, 143Nd/144Nd, 206Pb/207Pb, and 208Pb/207Pb isotope ratios 
of the mineral particles in question, as well as the concentration of these elements. These 
isotope systems provide insights into the geologic history of the parent rocks from which 
the dust or volcanic particles are derived and have a long history as provenance proxies. 
Traditional provenance identification, though, has relied on straightforward visual 
“matching” of the dust sample’s “fingerprint” to the source “fingerprints.” In this work, I 
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use geochemical theory and simple statistics to quantitatively discriminate between 
source regions and identify sources.   
 In this introduction, I will briefly explain dust’s role in the climate system at 
several different timescales; introduce the geochemical tools I use to identify dust source 
summarize the dust flux and provenance records from other Antarctic ice cores; outline 
the major dust sources in the southern hemisphere and introduce the concept of 
provenance as a tracer of past atmospheric circulation pathways.  
2.  Dust and Climate in the Southern Hemisphere 
Mineral dust plays a major role in the global climate system. Dust particles, lofted 
into the atmosphere, affect climate both directly and indirectly. However, the magnitude 
and variability of its impacts across time and space are not yet fully quantified (e.g. 
IPCC, 2013; Kok et al, 2017). In order to appropriately understand past, current, and 
future climate states, we must better understand dust and aerosols’ myriad impacts on the 
system. 
Dust particles can act as cloud condensation nuclei (CCN), facilitating the 
condensation of atmospheric water vapor into droplets. The size, distribution, and optical 
properties of the droplets formed around aerosol CCN’s differ from droplets in “pristine” 
clouds, affecting the albedo of the clouds themselves and the planetary zones they cover 
(Lohmann et al 2007). Dust and aerosols may also affect the efficiency of the hydrologic 
cycle by enhancing condensation of small droplets, decreasing precipitation unless large 
dust particles are present, in which case the opposite effect is observed, and precipitation 
increases (Chang et al 2009). Both condensation and precipitation, though, are highly 
influenced by the surface chemistry and physical properties of the dust particles (Yin et 
al, 2002). Our understanding of the effects of cloud-aerosol interactions, typically 
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characterized as direct dust effects, represents the largest source of uncertainty in 
estimating radiative forcing in future climate simulations (Carslaw et al, 2013). 
Atmospheric dust can affect the reflective properties of the atmosphere over land 
and ocean. When optical densities are high, dust particles (for the most part) scatter 
incoming solar radiation and absorb outgoing longwave radiation. The net impact of 
these direct effects tends to be negative, but many variables control the total impact: 
some examples include the optical properties of the particles, location in the atmospheric 
column, and particle density (Tegan and Fung, 1994; Claquin et al 1998; Tegan et al, 
2003). Total radiative forcings are calculated using a combination of observed 
atmospheric data and radiative transfer theory, which translates optical properties of 
particles to an optical thickness for the whole atmospheric column (Tegan and Fung, 
1994). Model studies that calculate both top of atmosphere (TOA) and surface-level 
forcings nearly all show a cooling effect of dust at the surface, but differ in regards to the 
magnitude and sign of those forcings (Shell and Somerville, 2004). Kok et al (2018) 
found that dust-climate feedbacks could account for ~1% of the total planetary climate 
feedback budget, a not-insignificant contribution to the complex system.  
In addition, mineral-derived dust particles often contain iron, some of it 
bioavailable, in their mineral matrices or in coatings on the mineral surface. Many parts 
of the surface ocean are characterized by abundant macro nutrients (e.g., nitrate and 
phosphorus) but phytoplankton populations are growth-limited by iron availability. When 
iron-rich dust is delivered to the surface ocean, those populations can expand. 
Photosynthesis transforms the CO2 to organic matter, and that organic matter can then be 
exported and sequestered in the deep ocean, a net transfer of carbon from the atmosphere 
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to the deep ocean known as the biological pump (e.g., Jickells et al 2005). In past glacial 
periods, dust delivery to many parts of the surface ocean was higher than it is today. Iron 
fertilization in the Subantarctic Southern Ocean has been hypothesized to be responsible 
for up to one-half of the ~80 ppm glacial-interglacial change in atmospheric CO2 
(Martinez-Garcia et al, 2014)  
3. Climate archives as past recorders of changes in dust fluxes 
 Climate archives, such as marine sediment cores and ice cores, record how 
atmospheric dust loads have changed in the past. Dust particles, lofted into the 
atmosphere from their original terrestrial sources or injected into the atmosphere by 
volcanoes, can be transported thousands of kilometers from their source (Uno et al, 
2009). Eventually, the particles settle out via dry deposition or wash out with 
precipitation (Zender, 2003). The particles sink to the seafloor or settle onto the surface 
of the ice sheet and are incorporated into a climate archive. A well-dated archive (such as 
an annually resolved ice core), coupled with a known accumulation rate, allows us to 
quantify particle flux.  
Dust fluxes change consistently over glacial-interglacial timescales. In marine 
sediment cores from the central Pacific, glacial-stage dust fluxes are ~2.5 times higher 
than interglacial fluxes (Winckler et al, 2008).  In Antarctic ice cores, the glacial - 
interglacial dust flux ratios are even higher, with fluxes that are ~10-30x higher during 
glacial periods than during the Holocene and other interglacials (e.g. Lambert et al, 2008; 
Figure 1-1). The coherence of these changes between different ice cores from across the 
continent is remarkable; the dust concentration records from the high-plateau EPICA 
Dome C (EDC) and the coastal EPICA Dronning Maud Land (EDML) cores, for 
example, correlate with an r2 of 0.82 (Fischer et al, 2007a).  
  7 
 
 
Figure 1-1 From Lambert et al, 2008. Panel a) shows the δD of ice, a proxy for 
temperature at the site, at the EPICA Dome C ice core in central East Antarctica over the 
past 800 thousand years (colder times correspond with more negative values). Panel c) 
shows the dust flux (mg m-1 y-1) at the same site for the same time period. Dust fluxes 
(red= measured via Coulter counter; grey = measure via laser-scattering methodology) 
increase during cold stages and drop during warm ones. This pattern is consistent over all 
glacial cycles observed in Antarctic ice cores. 
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Figure 1-2.  From Fischer et al (2007b). Panel c) shows the nssCa flux records at the 
EPICA Dronning Maud Land (EDML, black lines) and EPICA Dome C (EDC, grey 
lines) ice cores in East Antarctica over the past glacial cycle. Dust fluxes change decrease 
a factor of ~10 over the two glacial-interglacial transitions shown, and by a smaller 
amount across the millennial-scale transitions (AIM events, labeled in panel a).  
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Ice core records also demonstrate millennial-, centennial-, and decadal-scale 
changes in dust concentration and flux. Temperature (as inferred from δ18O and δD) and 
dust flux change synchronously during glacial stages (Figure 1-1; 1-2; 1-3). Many 
records are coherent at millennial and centennial timescales; in fact, dust events in 
disparate cores are used to cross-correlate ice cores and date them (e.g. Jouzel et al 1995; 
Delmonte et al, 2004). The magnitude of glacial-interglacial flux changes (~15x higher 
during the Last Glacial Maximum compared to the Holocene at core sites across east 
Antarctica, for example in Fischer et al, 2007a) is nearly always larger than the 
magnitude of flux change on millennial or shorter timescales (for example, fluxes 
changed by a factor of ~2 across AIM events at WAIS Divide; see chapter 4).  
Notably, the flux transitions occur at the same time and rate as changes in water 
isotope records at ice cores across Antarctica. The coherency of the dust: temperature 
relationship implies a tight physical control and understanding the mechanisms 
controlling that relationship is a key question in paleoclimate dust studies (Markle et al, 
2018).  
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Figure 1-3. From Markle et al, (2018). The water isotope record strongly resembles the 
aerosol concentration record in ice cores and other climate archives. The WAIS Divide 
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nssCa concentrations, (panel a, dark blue) closely tracks the δ18O of the ice. The 
coherence is clearly visible in panel b).  
 
 Several mechanisms have been invoked to explain why dust fluxes change on 
glacial-interglacial timescales. Hypothesis 1) concerns source area changes and suggests 
that changes in dust availability in source regions drives the flux changes observed at the 
sink (Wolff et al, 2006; Lambert et al, 2008). A more specific version of this hypothesis 
posits that a single regional source is the primary source of dust across much of the 
Southern Ocean and Antarctica. This source switches “on” during cold periods, loading 
the atmosphere with more dust (e.g. Sugden et al, 2009). Hypothesis 2) is that some 
major atmospheric transport system changes across climate events, restricting export 
and/or delivery of dust to parts of the Southern Ocean or Antarctica during warm periods 
(e.g. wind regimes in the source areas change, influencing entrainment, or post-
entrainment storm tracks change; Fischer et al, 2007; Albani et al, 2012). Hypothesis 3) is 
that some atmospheric or depositional process changes the removal rate of dust that gets 
delivered to the sinks (e.g. the atmospheric lifetime of the dust changes), allowing dust to 
remain in the atmosphere longer during glacial periods and washing it out more quickly 
during interglacials (thus preventing delivery to ice core sites). This could be also 
understood as a change in the strength of the hydrologic cycle between source and sink 
(Markle et al, 2018).  
 Significant effort has gone into testing these different hypotheses. One 
particularly useful approach has been to identify the provenance of the dust particles 
found in the climate archives and see if that provenance differs between climate states. A 
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provenance change would support hypotheses 1) and/or 2); either the source “shuts off” 
and is replaced by another source, or the transport systems no longer carry the dust from 
point a to point b (Fischer et al 2007a; Wolff et al, 2006; Rothlisberger et al 2002).  
4. Southern Hemisphere Westerly Winds: dust as a tracer of past atmospheric 
circulation 
The southern hemisphere westerly winds (SHWW’s) are the primary feature of 
Southern Hemisphere atmospheric circulation (Thomson and Solomon, 2002). They 
sweep around the hemisphere nearly unencumbered by intervening land masses, forming 
a zonally-symmetric band of transport that circles the Antarctic continent (Shulmeister et 
al, 2004). In the modern, the annual mean positions of the subtropical and mid-latitude 
jets at the troposphere, respectively, are at 30°S and ~50°S; the surface-level winds are 
strongest at ~50°S (Shulmeister et al, 2004). Meridional transport is primarily driven by 
synoptic-scale baroclinic storms, easily visible in modern satellite imagery and modeled 
airmass trajectories (Figure 1-4).  
 
 




Figure 1-4. a) From Koffman et al, 2013. Mean annual wind speed (color) and direction 
(vectors) from ERA-Interim reanalysis data, 1979-2010. Maximum wind speeds are 
centered ~50°S. Second panel shows wind patterns over West Antarctica, including the 
WAIS Divide ice core site (red star).  b) Seasonal 5-day back trajectories of storms from 
a site in West Antarctica, modeled by HySPLIT (in Schwanck et al, 2017). The colored 
lines represent the mean storm track for each season. The dominant transport pathway is 
both westerly and meridional.  
 
Complex global atmospheric dynamics control the strength and position of the 
SHWW’s, but to the first order they respond to the meridional temperature gradient 
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between equator and pole. They shift seasonally, as well as on longer timescales, from 
subdecadal to centennial (Thompson and Wallace, 2000; Koffman et al, 2013). A major 
outstanding question is whether SHWWs also migrate on millennial and glacial-
interglacial timescales, and how far they can be deflected north or south (Moreno et al, 
2018). Paleo winds are challenging to reproduce; most records rely on a physical or 
biological response to changes in the wind regime. Proxies that record paleoprecipitation 
or temperature are often assumed to be related to wind stresses and synoptic-scale 
circulation (Moy et al, 2008) and are used to infer paleowind patterns. For example, 
pollen assemblages that shift between arid-adapted and wet-adapted species, variations in 
closed-basin lake levels, and glacier extent have all been used to infer past changes in 
westerly regimes (e.g. Gilli et al, 2005; Moreno et al, 2009). Dust flux and grain size 
distributions in climate archives, such as marine sediment cores or ice cores, can also 
used to infer changes in past wind position and strength, with larger grain size modes 
indicative of stronger winds (e.g. Koffman et al, 2013). Changes in sea-surface 
temperature and the location of oceanic fronts are also used to infer changes in wind 
stresses (e.g. Bostock et al, 2015). Kohfeld et al (2013) compiled a number of different 
paleoclimate records from across the Southern Hemisphere and cautiously concluded that 
it was likely that the core of the westerlies shifted slightly northward during the LGM 
compared to the Holocene, but that the shift was likely less than the 7-10° that had 
previously been suggested by theoretical considerations (Toggweiler et al, 2006).  
General circulation model predictions for how the SHWW behavior differed at 
the LGM compared to the preindustrial state run the gamut: some predict poleward 
expansion, others equatorward, and some predict no change (e.g. Otto-Bliesner et al, 
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2006); some predict strengthening, and others weakening (Rojas, 2013). Sime et al 
(2013) used atmosphere-only and coupled atmosphere-ocean models to test different 
LGM-preindustrial wind shifts and suggests a slight poleward shift (~2°) and 
intensification—contrasting with observations summarized in (Kohfeld et al, 2013).  
One of the only tools that can directly track changes in past storm tracks and 
mean westerly transport pathways is dust provenance (Biscaye et al, 1997; Franzese et al, 
2017). Dust particles carry within them a geochemical signature of their source. Dust 
particles picked up in one location are deposited elsewhere, and if their source can be 
identified, a direct transport link between source and sink can be drawn. These data are 
invaluable for ground-truthing models. 
5. Geochemistry of potential source areas: background  
Geologic history determines the geochemical profiles of rocks. The geochemical 
“fingerprint” of a source area dust sample is set by several factors such as its geologic 
source, its age, and its weathering history. Radiogenic isotope ratios are particularly 
useful identifiers of rocks/regions with different geologic histories. For example, an old 
crustal rock that hosts minerals with high Rb content will have a relatively high 87Sr/86Sr 
ratio compared to a younger rock, or one with less Rb-bearing minerals. The parent 
element, in this case Rb (and its isotope, 87Rb) are highly incompatible: The element 
readily moves into partial melts of the mantle, which then become crustal material, while 
Sr, a more compatible element, more readily remains in the mantle residue. The melt 
phase becomes crustal rock, and the 87Rb decays to 87Sr. Consequently, the ratio of 87Sr/86Sr 
increases over time (Biscaye and Dasch, 1971). Other radiogenic isotope ratios, such as 
143Nd/144Nd (in this paper expressed as εNd, the chondrite-normalized ratio x 10,000) 
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represent similar decay processes playing out in a different element pair, with parent 147Sm 
decaying to daughter 143Nd (Faure, 1986).  
In this work, we also report the 208Pb/207Pb and 206Pb/207Pb ratios, the decay products of 
232Th, 235U, and 238U, respectively. Pb is a naturally-occurring metal toxic to humans and 
other mammals but of great economic and technological value (e.g. Lucas and Harris, 
1962). Humans began mining and smelting Pb some 6ky for use in metal alloys, later 
incorporating refined Pb into coinage, glass, pigments, and many other economically 
valuable products (Patterson, 1971); the adverse health effects were not fully understood 
until much later. Emissions from the mining and smelting processes dispersed thousands 
of miles from the sources; Pb concentrations in Greenland ice cores increase as Greek 
and Roman civilizations develop (Hong et al, 1994). In the 1920’s, alkylated Pb 
compounds were developed and began to be incorporated into gasoline to minimize 
engine knocking (Bollhofer and Rosman, 2000). The signature of that Pb, and other 
sources of modern industrial pollution, can be seen in the most remote regions of the 
world, from Arctic and Antarctic ice cores (Osterberg et al, 2008; McConnell et al 2014) 
to marine, lake, and bog cores far from pollution sources (Shirahata et al, 1980; Veron et 
al, 1987; Marx et al, 2010).   
Geochemists work primarily with four isotopes of Pb: 204Pb, 206Pb, 207Pb, and 208Pb, 
which make up 1, 24, 22, and 52% of the total Pb budget, respectively. Of these, 204Pb is 
the only isotope not produced by radioactive decay of U or Th. The proportion of the 
different isotopes, therefore, relate to a) the different ways that U, Th, and Pb partition 
into minerals, b) the half-lives and decay chain dynamics of the respective parents, c) the 
age of the parent or daughter-containing mineral, and d) weathering processes that 
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preferentially mobilize the different parent, daughter, or intermediate products 
(McLennan et al, 1993). Because parent and daughter elements partition differently into 
minerals and weather differently, they provide complementary information about the 
geologic history, age, and post-production processing of their source rocks (Faure et al, 
1986). Ratios like those used to report Sr and Nd isotope compositions are used for Pb, as 
well, most often with one of the radiogenic daughter products (206Pb, 207Pb, and 208Pb) 
normalized to stable 204Pb. However, because of the low abundance of 204Pb, measurement 
error on small samples can incentivize researchers to preferentially report 206Pb/207Pb and 
208Pb/ 207Pb ratios instead (Longman et al, 2018).   
6. Dust sources in the Southern Hemisphere 
The bulk of the observational work elucidating the modern and paleo dust cycles 
has been performed in the Northern Hemisphere. This geographic bias developed for both 
logistical reasons—for example, infrastructure for observations and sample collection are 
more abundant in the Northern Hemisphere than in the Southern—as well as logical ones: 
the most dominant modern and paleo dust source in the world is the Saharan/Sahel desert 
system, which loads the atmosphere with about half of the global dust load each year 
(Prospero et al 2002, Mahowald et al 2006, Heinold et al 2015) (Figure 1-5). Though this 
geographic bias has been addressed in recent years, large gaps in our understanding of the 
Southern Hemisphere dust cycle still exist (Maher et al 2010). 





Figure 1-5. a) From Prospero et al, 2002, the modern dust sources as identified by 
TOMS. The grey color corresponds to the number of days when the “Absorbing Aerosol 
Index,” or AAI, is positive, indicating the presence of dust particles in the atmosphere. 
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Southern South America, central southern Africa, and central eastern Australia all appear 
as modern-era dust sources.  b) from Bullard et al, 2016, where they identified the 
sources of dust in high-latitude regions of the world. The unglaciated portions of 
Antarctica, the South Island of New Zealand, and Patagonia/Tierra del Fuego are all 
identified as potential source regions. 
 
 Observations and models both show that the Southern Hemisphere produces less 
dust than the Northern Hemisphere, primarily because there is significantly less landmass 
from which dust can be excavated (Li et al, 2008). However, the effects of dust on 
Southern Hemisphere climate may be disproportionate to its relative abundance, both in 
the modern climate system and especially in the past. The dust records from Southern 
Hemisphere polar regions also exhibit more dramatic changes in dust flux than their 
northern hemisphere counterparts on glacial-interglacial timescales, increasing by a factor 
of up to ~30x during cold periods relative to warm, while polar Northern Hemisphere 
records show generally only up to a 15-20x increase (Lambert et al 2008, Fischer et al 
2007).  
There are five regions in the Southern Hemisphere that could act as major dust or 
particle sources to the Southern Ocean and Antarctica: South America; southern Africa, 
Australia; the ice-free regions of Antarctica; and the South Island of New Zealand. 
Volcanic activity around the southern hemisphere—from South America, Antarctica, 
New Zealand, and any number of the isolated volcanic islands in the Southern Ocean—is 
also known to produce particulate matter that can affect atmospheric loads both locally 
and distally. 
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Figure 1-6. From Albani et al, 2011. Modern and LGM model outputs showing the 
relative contribution of different dust sources to the total dust deposition in the Southern 
Hemisphere. During the LGM, the Patagonian source is predicted to dominate deposition 
across the southern Atlantic Ocean as well as across Antarctica. Today, and presumably 
during other warm stages in the past, the sources to West Antarctica are less clearly-
defined; Australia may contribute, or there may be a mix of different Southern 
Hemisphere sources. 
 
Dust-producing regions generally share a few key characteristics. They are arid or 
semi-arid, often with strong seasonal wetness (Marticorena and Bergametti, 1995); they 
are likely vegetation-limited (Evans et al, 2016); they experience strong windy or gusty 
conditions necessary to uplift fine particles into the atmosphere (McGee et al, 2010); and 
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they have an abundance of easily-erodible fine particles available for entrainment. In both 
observations (Prospero et al, 2002) and models (Mahowald et al, 2003), particle 
availability plays a crucial role in regional emissions. Therefore, any factors that 
influence particle availability in regions where the other conditions for emission are met 
can dramatically influence the total emissions volume.  
Fine particles can be produced by many different mechanisms: physical 
breakdown of larger particles, chemical breakdown, or inheritance from older rock 
formations (Muhs et al, 2013).  Physical weathering, such as glacial grinding, is a 
particularly effective way to produce large volumes of fine material; glaciogenic 
processes routinely produce silt-sized particles (2-63um in diameter) that are flushed 
away from the glacier’s snout via meltwater streams, sometimes depositing the fine 
particles in proglacial lakes and sometimes carrying them farther downstream into broad 
glacial outwash plains (Derbyshire and Owen, 2018). Fine particles are also effectively 
generated via fluvial comminution and aeolian abrasion, which break larger particles 
apart while transporting them downstream in water or air (Smith et al, 2002). These 
processes can occur far from glacial landscapes, such as across the desert regions of the 
world. In many cases, fluvial or aeolian processes that break larger particles apart also 
winnow and sort the particles by size and/or minerology, influencing the mineralogical 
and geochemical signatures of the resultant fine fraction (e.g. Garcon et al, 2014). Often, 
fine particles collect in topographic depressions or ephemeral lakebeds during 
intermittent flooding events throughout the Pleistocene (Prospero et al, 2002). These 
hollows, dotting the landscape with sources of fine particles that can be efficiently 
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excavated under appropriate circumstances, are scavenged during wind events 
(Engelstaedter et al, 2003; Farebrother et al, 2017).  
The geology of the Southern Hemisphere PSA sources spans the gamut: from old 
cratonic material in Australia and southern Africa to young mantle products recently 
erupted in West Antarctica and everything in between. Distinguishing mantle from 
crustal rock is straightforward. More challenging is distinguishing between crustal rocks 
that either a) share similar geologic history despite coming from different parts of the 
world or b) distinguishing between regions that are geographically proximate. To 
interpret Southern Hemisphere provenance records, we need to be able to tell Patagonia 
apart from central western Argentina, and we need to be able to tell those apart from the 
Lake Eyre Basin or the South Island of New Zealand.  
Australia 
Today, satellite observations can be used to identify major dust-emitting regions. 
Using TOMS, Prospero et al (2002) identify central and central southern Australia is the 
primary dust emitter in the Southern Hemisphere (Figure 1-5). The continent sheds 
between ~50-100 Tg of mineral dust particles each year (Tanaka and Chiba, 2006; 
Ginoux et al, 2012). The large endorheic basins of central Australia, such as the 
internally-draining Lake Eyre basin (LEB) and the arid floodplain regions in the Murray 
and Darling River catchment basins collect sediments weathered from the a) humid 
tropical regions or b) humid highlands, respectively, providing constant particle recharge 
to the catchment zones (McTainsh, 1989). The fine particles collect and redistribute 
throughout the basins via wind and water. Within the basins, several different types of 
dust “hotspots” exist, sedimentary environments that produce more than their share of the 
total dust emissions from within the broader regions. Most notable are the ephemeral 
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lakes and playas of the LEB, which cover only a few percent of the total but source 
nearly 30% of the dust plumes emitted between 2003-2006 (Bullard et al., 2008). Alluvial 
sediments and aeolian landforms, e.g. reworked loose particles, provide roughly another 
30% of the observed plumes from this same time period. Modern emissions center around 
these regions, though anthropogenic impacts on vegetation coverage, soil erodibility, and 
streamflow in major waterways accounts for ~75% of the total modern emissions budget 
(Ginoux et al, 2012). 
The primary mechanism by which particles can be removed from these internally-
draining sections of the continent is via aeolian emissions, which depend strongly on 
storm systems embedded in frontal systems passing by. Individual storms that whip up 
large volumes of dust contribute a large percentage of the annual Australian dust budget, 
in large part because uplift is much more efficient under high wind conditions (Prospero 
et al, 2002; Knight et al 1995). Prior conditions strongly influence particle availability 
and total emissions; droughts precede many years with high dust storm activity 
(McTainsh et al, 2005).  
There are two dominant dust pathways that carry uplifted dust particles across and 
off the Australian continent: the northwestern and southeastern plumes (Figure 1-7). The 
former scavenges material primarily from the northwestern deserts of Australia and then 
sweeps out over the Indian Ocean. The southwestern transport pathway picks up 
terrestrial material from the southern-central and south-eastern sectors of the continent, as 
frontal systems pass over the continent, and carries them out over the Tasman Sea and 
beyond (Hesse, 1994). High pressure systems and prefrontal troughs uplift and transport 
dust on the southeasterly pathway, primarily during austral winter (Strong et al, 2011). 
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Australian dust from the southeastern pathway is known to settle out in New Zealand in 
the modern (e.g., Marx et al (2005). McGowan et al (2005) identified Australian dust 
particles that had settled out onto the surface of New Zealand glaciers, more than 3000km 
away from the presumed LEB source, with a mean grain size of 36um; they inferred that 
such large particles could only have traveled so far in high-energy storm systems. Air 
mass trajectory modeling also suggests that Australian dust can easily traverse the 
Tasman Sea to New Zealand and can penetrate even farther into the Pacific, particularly 
during austral winter. McGowan and Clark (2008) used HySPLIT to map eight-day 
forward air mass trajectories from the Lake Eyre Basin between 1980 and 2000 and 
found that air masses could circle the Southern Ocean in that time frame, with some small 
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Figure 1-7. From Revel-Rolland et al, 2006. The map shows the main dust-producing 
regions of Australia, including the Lake Eyre basin and the Murray and Darling River 
catchments. The arrows show the dominant transport pathways; westerly transport 
dominates across the southern part of the continent.  
 
The Australian dust-producing regions include a wide range of lithologies. As 
discussed previously, a large proportion of the dust emitted comes from fine particles that 
have been weathered out of parent rock far upstream, transported fluvially to a lake basin 
or floodplain and then entrained. Often, the particle distribution integrates the signature 
of their original parent rock and the geology they crossed in transit. For example, the 
Darling River headwaters cut through the young rock, weathering out particles that share 
that signature (Gingele and DeDeckker, 2005). In contrast, the Murray River crosses 
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older cratonic rocks, marking the fine fraction sediments from that catchment basin with 
more radiogenic signatures. The Lake Eyre basin is the endpoint for rivers and streams 
with headwaters in northern central Australia, several hundred kilometers north of the 
basin, where flow regimes are controlled by monsoon dynamics (Larsen, 2011). Several 
of the rivers that feed the basin cut through Cretaceous-Paleocene era sedimentary rocks, 
and others drain volcaniclasticly-produced material in the northeastern segment of the 
continent (Habeck-Fardy and Nanson, 2014). These inputs lend the basin an isotopic 
signature distinct, and younger-looking, from the cratonic basement underlaying the 
easily-erodible surface sediments—isotopic signatures that in many cases overlap with 
Patagonian sediments (Figure 1-8).  
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Figure 1-8. From Revel-Rolland et al, 2006. Lake Eyre sediments occupy similar space in 
Sr-Nd isotope space as some South American samples, complicating the differentiation of 
these two potential source regions. 
 
In Australia, dune systems, loesses, and dust records from lakes, bogs, and marine 
sediment cores record increased dust fluxes during past cold stages such as the LGM 
(Hesse, 1994; McTainsh 1989; Kawahata et al, 2002). During cold, dry glacials, the dust 
emissions from the eastern riverine floodplains surrounding the Murray and Darling 
likely increase in response to shifts in the precipitation regime in the eastern highlands 
where fine particles are generated via weathering processes and aridity in the lowlands 
where fine particles collect (Petherick et al, 2009).  
Southern Africa 
Southern Africa between ~20-30°S is another modern dust source in the southern 
hemisphere mid-latitudes. Tanaka and Chiba (2006) estimate that ~63 Tg of dust are 
emitted annually from Africa south of the equator, though they do not apportion the 
emissions more finely. Point sources the Etosha and Makgadikgadi pans of central 
southern Africa have been identified as particularly effective dust emitters (Washington 
et al, 2003) and riverbeds, ephemeral lakes, and coastal salt pans along the Namib coast 
also act as sources from which dust plumes spread (Eckardt and Kuring, 2005). These 
source regions are farther north than the Australian dust-producing regions, and easterly 
transport, rather than westerly, is the dominant dispersion pathway (e.g. Dansie et al, 
2017). Because of its relatively low latitude position compared to the other dominant dust 
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sources of the southern hemisphere, southern central Africa is unlikely to be a major 
source for the high-latitude Southern Ocean and Antarctica (Albani et al, 2012).  
The geochemical signature of southern African dusts reflects the Archean to 
Neoproterozoic shield that forms the parent rock from which they are derived, with 
highly unradiogenic eNd(0) (< -10, e.g. Delmonte et al, 2004; Khondoker et al, 2018) and 
87Sr/86Sr (>0.717, e.g. Delmonte et al, 2004), and less radiogenic Pb, with 206Pb/207Pb and 
208Pb/207Pb ratios (>1.194 and > 2.452, respectively; Vallelonga et al, 2010).  
South America 
South America is another major dust-producing region in the southern 
hemisphere. Significant deflation occurs in the high-altitude Altiplano region of Bolivia 
and Argentina (~4000m elevation); from central western Argentina between ~27-34°S in 
the lee of the Andes; and in Patagonia, from the foothills and outwash plains that stretch 
from the Andes to the Atlantic Ocean south of ~38°S (Prospero et al, 2002). Emissions 
estimates range from 2 to 79 Tg/y (Tanaka and Chiba, 2006; Ginoux et al, 2012; Li et al, 
2008; Ballentyne et al, 2002) but model outputs cluster between 40-50 Tg/y.  
The Altiplano, on the eastern side of the Andes, is a high-elevation plateau/basin, 
with extensive internally-draining depocenters dotting its ~1000km long length. The 
region is high and cold and experiences strongly seasonal precipitation (in austral 
summer) balanced by extreme aridity for the remainder of the year (Garreaud et al, 2009). 
Annual evaporation exceeds precipitation by nearly an order of magnitude, resulting in 
strongly arid conditions primed for dust production (Fritz et al, 2004). The dominant 
atmospheric transport pathways carry entrained dust east/south east across Argentina and 
beyond. Because the Altiplano is at such high elevation, it feeds dust directly into upper 
atmosphere transport systems, facilitating long range transport of the particles. Gaiero et 
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al (2013) profiled two dust storms that emerged from the Puna Altiplano region (PAP), 
finding that the dust clouds lofted up from ~5000- 8500m a.s.l above the emission 
regions. Using HySPLIT, they modeled three-day forward trajectories of the plumes, 
which easily reached Buenos Aires and the Atlantic Ocean with depleted but still 
significant particle loads (Figure 1-9). Once injected into the high troposphere, dust 
particles can remain aloft for thousands of kilometers, facilitating long-range transport; 
residence time is strongly correlated with height in the atmosphere (e.g. Bourgeois et al, 
2015; Uno et al 2009). 
  30 
 
Figure 1-9. From Gaiero et al, 2013. The colors show the three-day HYSPLIT forward 
trajectory modeling of dust deposition for two dust storms that passed over the Puna 
  31 
Altiplano region of South America. The plumes extend across the continent and penetrate 
the Atlantic Ocean.  
 
Patagonia is a well-known dust source. Unlike the PAP, Patagonia sits at lower 
elevation, so dust entrained into the atmosphere starts much lower in the troposphere than 
PAP dust, limiting its transport distance unless convective conditions drive air mass 
uplift, which allows surface-entrained particles to be transported long distances across the 
southern Atlantic Ocean (Gassó and Stein, 2007; Krinner et al, 2010). Dust plumes 
originating in Patagonia have been tracked crossing the southern Atlantic and arriving at 
the Atlantic margin of Antarctica (Gassó and Stein, 2007); GEOS-CHEM models of dust 
dispersion in the eight days following a single dust plume event suggest that Pataongian 
dust could dominate deposition across the Southern Ocean, from the Atlantic all the way 
around the Antarctic continent and through the Pacific (Johnson et al, 2011).  
Modern Patagonian dust emissions come from sparsely vegetated regions 
crisscrossed with ephemeral rivers and lakes (Prospero et al, 2002; Gaiero et al, 2003). 
Specific recurrent point sources, generally internally-draining topographic lows, tend to 
dominate emissions (Castagna et al, 2014).  South American dust is notably rich in 
bioavailable Fe, and transport pathways carry it directly to key high nutrient, low 
chlorophyll (HNLC) regions of the subantarctic Southern Ocean (Johnson et al, 2011; 
Shoenfelt et al, 2018). 
 Within South America, to geologists’ great advantage, rocks from a N-S transect 
down the South American Andes show trends in radiogenic isotope fingerprints. The 
region is broken into several volcanic zones. The Central Volcanic Zone (CVZ), from 
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5°S to 33°S, is covered by thick (up to 70km) Paleoproterozoic crust; the Nazca plate 
subducts at a steep angle beneath the crust, and and upwelling magmas cut through the 
old crust, generating volcanics that bear fingerprints of that crustal signature (Stern, 
2000). South of the CVZ, in the Southern Volcanic Zone (SVZ, between ~33°S to 
~46°S), the subduction of the younger, thinner (<45Ma, up to 35 km thick) Nazca Plate 
drives volcanism, and the signature expressed by the volcanoes more closely matches 
subducted oceanic material (Futa and Stern, 1994). The Austral Volcanic Zone (AVZ, 
~49-55°S) arises from the subduction of the Antarctic plate. Rocks formed in each of 
these zones are often geochemically distinguishable from each other, and consequently, 
dusts produced by the physical or chemical weathering of parent rocks from different 
zones are also often geochemically distinguishable.   
In past cold stages, such as the LGM, glaciers in southern South America were 
larger, poking their snouts farther out from their enclosing valleys (Kaplan et al, 2008). 
Larger, more active glaciers ground up more bedrock as they advanced over the 
landscape, spilling vast amounts of glacial flour out onto proglacial lakes and outwash 
plains, increasing the availability of fine particles for atmospheric entrainment (Sugden et 
al, 2009). Extensive loess deposits from central and central-southern South America 
(~24° to ~40°S) were likely fed at least in part by the glacier-ground material and provide 
evidence that dust emissions were higher in the region in past climates (e.g. Iriondo, 
1997). 
New Zealand 
New Zealand’s modern annual dust emissions are not generally quantified in 
global GCM outputs, and different optical tools do not pick up significant particle 
emissions from either the North or South Islands, indicating that total modern emissions 
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are negligible compared to Australia or other Southern Hemisphere sources. However, 
extensive loess deposits on the eastern side of the South Island’s Southern Alps mountain 
range indicate that the dust regime was much more active during past climate states, and 
the glacial activity during past cold stages produced copious glaciogenic fine particles via 
the same mechanisms active in Patagonia (Ives et al, 1973). Forward trajectory modeling 
suggests that storms from the dusty sectors of New Zealand (between ~40-48°S, at 
minimum 5° farther south than the dust-producing regions of Australia and southern 
Africa) track deep into the Southern Ocean/ southern Pacific (Neff and Bertler, 2015). 5-
day forward trajectories penetrate farther south toward the West Antarctic coast and east 
toward the open south Pacific than air parcels initiated in Australia, with ~12% of 
trajectories surviving to south of 70°S and over 50% arriving south of 50°S (Figure 1-10). 
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Figure 1-10. From Neff and Bertler (2015). 5-day forward trajectories from HySPLIT, 
initated in the white circles of each of the Southern Hemisphere PSA regions, show that 
very few stormtracks from Australia or southern Africa penetrate beneath 50S, while over 
half of the storms initiated in New Zealand and South America do.  
 
Very few dust samples from New Zealand have been geochemically fingerprinted 
with radiogenic isotopes. The little published data available suggests that the dust fraction 
differs from Patagonian dusts, with lower εNd(0), higher 87Sr/86Sr, and higher 206Pb/207Pb and 
208Pb/207Pb ratios than their South American counterparts (Delmonte et al, 2004a; 
Vallelonga et al, 2010; Koffman et al, 2017).  
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In the Southern Alps of New Zealand, glaciers were extensive throughout the 
LGM and fluctuated nearly synchronously with Patagonian glaciers (Putnam et al, 2013; 
Kaplan et al 2010), and increased glacier activity and processes might have contributed to 
dust emissions from New Zealand. Today, New Zealand is not a significant contributor to 
the southern hemisphere dust load, but the abundance of glacially-produced material 
available during past cold stages could produce a very different mass balance scenario. 
Antarctica 
The few unglaciated segments of the Antarctic in the McMurdo Dry Valleys/Ross 
Sea region, ~4800 km2 in total, also produce and emit dust-sized particles (Doran et al, 
2002) (Figure 1-11). The hyperarid, windy, frozen landscape and active glacial grinding 
produces loose particles that can be picked up by strong katabatic winds or storm systems 
intruding onto the continent (Bullard et al, 2016; Chewings et al, 2014). Proglacial 
landforms, dune systems, and glacial outwash plains exist along the lower limbs of the 
Dry Valleys, and fine particle fraction (clays and silts) sweep out onto local ice 
formations and into the Ross Sea (Lancaster et al, 2002; Winton et al, 2014).  High 
proportions of coarse particles (>5um) in coastal and West Antarctic ice cores suggest 
that these local sources contribute to the particle load in the region both in the modern 
and late Holocene (Koffman et al, 2013). In addition, active volcanism in the West 
Antarctic Rift Zone (WARS) produces particulates of various dimensions that can be 
distributed widely across the continent and beyond, depending on the type of volcanism. 
Mt. Erebus, in the Ross Sea sector, is currently active, as are several volcanoes in Marie 
Byrd Land (LeMasurier and Thomson, 1990). 
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Figure 1-11. From Blakowski et al, 2016. Location of key fine-particle-producing areas 
within the Ross Sea sector of Antarctica. Northern Victoria Land, Southern Victoria 
Land, and the Dry Valleys are all shown. Locations of East Antarctic ice cores are shown 
on the inset. Unglaciated regions are mapped in brown. 
The bedrock throughout from which some of the fine particles are weathered, and 
the regolith and other weathering products that form atop it, are widely variable in age, 
geology, and geochemistry. Dust sampling has primarily focused on geologic features 
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that authors think remained exposed (ice-free) during past glacial events. Delmonte et al 
(2010b) and Delmonte et al (2013) sampled regoliths, nunatuks, glacial deposits, and 
other exposures between Northern Victoria Land and the Dry Valleys, focusing on 
materials that had weathered out of some of the dominant bedrock suites from the 
regions: the Ferrar dolorites (mid-Jurassic, ~177My) and the Beacon sandstones 
(Devonian-Triassic, ~250-400My). The finely weathered material they measured 
generally shared isotope geochemical characteristics expected of old crustal material, 
with εNd(0) ~ -13 to -4 and high but variable 87Sr/86Sr ratios (~0.705 to 0.730). Some of the 
Northern Victoria Land regolith and glacial drift signatures, however, more closely 
resemble crustal rocks younger than the Jurassic or Triassic bedrock that feeds the other 
fine-grained material sampled, with εNd(0) above 0. Blakowski et al (2016) finds similar 
signatures for the Victoria Land samples, with some εNd(0) as high as 2.5. The bulk of the 
samples analyzed are quite different from the fingerprints of dust samples from South 
America and New Zealand and overlap slightly with Australia and southern Africa.  
The other significant particle source in Antarctica is local volcanism. Volcanoes 
from Marie Byrd Land, Victoria Land, and elsewhere along the West Antarctic Rift 
System (WARS) sample the mantle and erupt particles with a geochemical signature that 
reflects their non-crustal origin (εNd(0) > 0, in most cases, and 87Sr/86Sr < 0.0708) 
(LeMasurier and Rex, 1989; Sims et al, 2008). The concentration of major and trace 
elements in volcanically-produced material also differs greatly from crustal rocks, further 
enabling the distinction between the particle types (e.g. Palais et al, 1988; LeMasurier et 
al, 2010). 
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7. Provenance records from the southern hemisphere: insights into source area 
conditions and atmospheric transport  
Provenance analysis consists of matching the geochemical signature of dust 
extracted from a climate archive to a database of potential sources (PSA’s, potential 
source areas) (Grousset et al, 1992). The quality of the archive dataset and the PSA 
dataset is paramount; matching only succeeds if the variables being compared are of good 
quality and truly representative of the geographic source location. Historically, the PSA 
datasets have been incomplete, limiting the utility of the matching strategy. In recent 
years, though, significant effort has gone into sampling and expanding the PSA databases 
in South America (Recasens, in prep; Gili et al, 2016; Gili et al, 2017), Australia (Gingele 
and DeDeckker, 2005; Marx et al, 2009; Vallelonga et al, 2010), New Zealand (Koffman, 
pers.comm); and Antarctica (Blakowski et al, 2016). 
Trace element and radiogenic isotope analysis on dust particles from ice cores 
across East Antarctica suggest that, during cold glacial stages, Patagonia is the primary 
source of dust delivered to the southernmost continent (Basile et al, 1997; Delmonte et al, 
2004a, 2004b; Gaiero, 2007; Vallelonga et al, 2010; Marino et al, 2008). Partial 
contributions from other sources, likely Australia or Antarctica, cannot be excluded 
during some time periods in the glacial (Revel et al, 2006; DeDeckker et al, 2010). 
Delmonte et al (2010) interrogated the glacial-age dusts from the TALDICE core at Talos 
Dome, on the western edge of the East Antarctic, and found that the same source 
provided dust to Talos as to the East Antarctic high-plateau ice cores; they interpreted the 
source to be Patagonian but suggested a possible contribution from northern South 
America. More recently, Gili et al (2017) suggest that glacial-age dust from ice cores in 
both coastal East Antarctica (Berkner Island) and the central East Antarctic Plateau 
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(EDC/Vostok) could be sourced from Patagonia or more northerly segments of South 
America. 
The geochemical fingerprints of East Antarctic ice core dust differ during 
interglacial periods, suggesting changed source or mix of sources. Revel-Rolland et al 
(2006) relies on Sr and Nd radiogenic isotope signatures to suggest that central Australia 
could contribute up to 10-20% of the EPICA Dome C interglacial dust. Delmonte et al 
(2007) analyzed dusts from EDC and Vostok ice cores from the Holocene and Marine 
Isotope Stage 5.5, and echo Revel et al (2006)’s inference that Australian dust could 
contribute to the interglacial dust mix. Gabrielli et al (2010) observe an abrupt change in 
the REE pattern of the dust from EDC at 15ky, shifting from a South American signature 
to something they interpret as a local Antarctic signature. Wegner et al (2011) uses rare 
earth element analysis to interrogate the deglacial and Holocene-age dusts from the 
coastal East Antarctic EDML ice core, concluding that the source shifted across the 
deglacial, likely changing from a primarily South American source to one with 
significant contributions from Australia and/or New Zealand. In summary, the dust 
source to all ice cores analyzed changes between glacial and interglacial periods, and the 
interglacial source may differ depending on the location of the core.  
Dust-enabled models can map out the potential distribution of dust from the 
different source areas during different climate states. Li et al (2008) map the dust burden 
from three potential Southern Hemisphere sources (South America, southern Africa, and 
Australia) in the modern climate, finding that South America and Australia each 
dominate atmospheric burden and deposition in their respective hemispheres. Albani et al 
(2012) perform a similar modeling exercise, but compare the preindustrial deposition 
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with the LGM. For the preindustrial, the source contributions echo the Li model, with 
South American dusts domination deposition across the southern Atlantic Ocean and East 
Antarctica and Australian dusts covering the southern Pacific and West Antarctica 
(Figure 1-6). In the LGM, though, their model suggests that South American dusts 
expand their depositional range and influence over the Southern Ocean and the entirety of 
Antarctica. These results fit with the dust provenance analyses performed on East 
Antarctic ice cores, but it has not previously been known whether dust delivered to West 
Antarctica would share the provenance of contemporaneous East Antarctic dust, or 
whether it was sourced from elsewhere—such as directly-upwind Australia.  
8. Summary and main questions 
This thesis addresses two primary questions: Where does the dus that arrives at 
climate archives in the Southern Hemisphere—such as marine sediment cores or 
Antarctic ice cores-- come from? And does that source change with climate changes? I 
use the 87Sr/86Sr, 143Nd/144Nd, 206Pb/207Pb, and 208Pb/207Pb radiogenic isotope systems to illustrate 
the geochemical fingerprint of dust and particles in ice core samples from the WAIS 
Divide ice core from West Antarctica at different times over the past ~60ky, and from a 
marine sediment core from the Tasman Sea, near Australia. I compare those dust 
fingerprints to the PSA samples from around the Southern Hemisphere in order to 
determine their sources.  
In Chapter 2, I identify the source of thick particle layers from the WAIS Divide 
ice core, finding that they are sourced from local West Antarctic volcanoes rather than 
distally-produced dust. The powerful radiogenic isotope systems we use allow us to 
fingerprint the exact volcano from which the particles were erupted, and by compiling the 
record of volcanism from across West Antarctica over the last ~60ky we better 
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understand the potential impact of inputs derived from mantle rather than crustal material 
on the particle record at WAIS Divide. 
In Chapter 3, I determine the source of dust to a marine sediment core from the 
Tasman Sea, downwind of the dust-producing regions of Australia. The record shows that 
the signature of dust exported off the Australian continent has changed little over the past 
glacial cycle, providing insights into the dust emissions and transport system at work 
within the Australian continent. In addition, one of the major outstanding challenges for 
Southern Hemisphere dust provenance identification is overlap within the PSA 
fingerprints, and by identifying the signature of Australian exported dust we can better 
interpret the provenance records downwind. 
In Chapter 4, I investigate the source of dust delivered to the WAIS Divide ice 
core during the glacial period and the early stages of deglaciation. Using discoveries from 
the previous chapters, I identify the source of dust during the LGM, across millennial-
scale climate events during the glacial, and into the climate transition, and explore the 
geochemical dynamics introduced by isotope mixing.  
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Chapter 2 : Pervasive explosive volcanism in West Antarctica 
during the last glacial cycle  
Abstract 
 We analyzed the radiogenic isotope geochemistry of eight particle-rich layers 
extracted from the WAIS (West Antarctic Ice Sheet) Divide ice core and volcanic tephra 
samples from three local West Antarctic volcanoes from the Marie Byrd Land (MBL) 
province. By comparing the radiogenic isotope results (87Sr/86Sr, 143Nd/144Nd, and 206Pb/207Pb 
and 208Pb/207Pb) with the isotopic fingerprint of Antarctic volcanoes, as well as continental 
Southern Hemisphere dust sources, we identify the sources of the particles at WAIS 
Divide as local West Antarctic volcanoes. The seven oldest particle layers, deposited 
between 29.75 and 60.45 ky, show a narrow distribution of eNd(0)  signatures, ranging 
between 3.05 and 3.39 (mean 2σ = 0.08), as well as a narrow distribution of 206Pb/207Pb and 
208Pb/207Pb ratios, ranging from 1.270-1.276 (mean 2σ = 7.162 x 10-5) and 2.514- 2.522 
(mean 2σ = 4.184 x 10-4), respectively. Isotopic fingerprinting suggests that the likely 
source of the layers is Mt. Takahe, an alkaline shield volcano located ~500km from 
WAIS Divide. The youngest particle-rich layer, dated to 27.92ky, (eNd(0) = 5.2, 206Pb/207Pb = 
1.240, and 208Pb/207Pb = 2.480, differs significantly from the older seven samples, and is 
most likely sourced from Mt. Berlin. These volcanoes have previously been identified as 
potential sources of volcanic particles, but this new radiogenic isotope fingerprinting 
provides an unambiguous identification of sources over the past glacial cycle, helping 
document the explosive history of specific volcanoes, as well as providing insights into 
their geochemical histories. For example, 87Sr/86Sr ratios in the particle layers from Mt. 
Takahe follow a trend: with decreasing Sr concentrations (0.2 to 635ppm), isotope ratios 
increase; high concentration samples have 87Sr/86Sr reflective of a depleted mantle, while 
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samples with lower Sr (and high Rb/Sr) indicate the influence of a high 87Sr/86Sr  crustal 
contaminant on the highly Sr-depleted magmas. Although such changes render the 87Sr/86Sr 
unusable for source fingerprinting, it may be a useful tool to better understand the magma 
chamber dynamic at play in nearby volcanoes.  
1. Introduction 
1a. Geologic setting and volcanic history 
The West Antarctic Rift System (WARS), one of the largest extensional provinces 
on the planet, thins the lithosphere under the West Antarctic ice sheet (Behrendt et al, 
1991). Substantial mantle heat penetrates to the base of the West Antarctic ice sheet 
(WAIS), inducing basal melt and affecting the stability and flow of the ice sheet 
(Schroeder et al, 2014). Because the WAIS is grounded below sea level, its stability is 
particularly sensitive to any parameters that affect the location of its grounding line. For 
example, current ocean warming at the edge of the Thwaites Glacier region of Marie 
Byrd Land, in West Antarctica, has driven the grounding line farther inland and threatens 
to destabilize the ice stream—and by extension, sections of the WAIS (Joughin et al, 
2014). The grounding line position and overall stability of Thwaites and other ice streams 
are also affected by geothermal heat fluxes; understanding the ways that those heat fluxes 
may have changed in the position or intensity in the past is important for understanding 
the dynamics that govern the stability of the WAIS.  
Over 200 million years of rifting has progressed along the Antarctic segment of 
the WARS, driving volcanism at many exposed and subglacial volcanic centers across 
the region (Le Masurier et al, 1990). Recently, van Wyk de Vries et al (2017) identified 
over 100 new volcanoes buried beneath the ice in Marie Byrd Land, suggesting that the 
region is even more tectonically and volcanically active than previously known. 
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However, the complete history of the volcanic activity in the WAIS region is poorly 
understood, and the geochemical characteristics of the different sections of the rift zone 
are poorly characterized, primarily because so much of the evidence of previous 
volcanism is buried under miles of ice.  
However, volcanism in the region can be intense and explosive, often producing 
tephras or ash layers that can extend hundreds of kilometers from the source volcano (e.g. 
Keys et al, 1977; Curzio et al 2008). The ashes and tephras collect both on the flanks of 
the volcanoes and the surface of the ice sheet, where they are preserved as layers that can 
be seen in ice cores drilled today. Flows on the flanks of the volcanoes themselves can be 
dated and used as a first-pass interpretation of prior volcanic activity, though not all 
eruptive events are preserved, leaving the flank-based record incomplete. Wilch et al 
(1999) sampled flows and pyroclasts from the flanks of MBL volcanoes and established 
that several—including Mt. Takahe and Mt. Berlin--were active across the last ~570ky. 
More specificity in the data of activity is not possible, given the incompleteness of the 
records and the limits of radioisotope dating techniques, which can be as large as a >5ky 
for samples in the age range studied here (~20-60ky) (Wilch et al, 1999).  
Ash or tephra layers that spread across the wider ice sheet are preserved in ice 
cores across the WAIS. These layers can be dated with much higher precision than flows 
on the flanks of the volcano sources themselves by independently dating the ice cores 
themselves. For example, the WAIS Divide ice core (79.467° S, 112.085° W) from 
central West Antarctica has unprecedented temporal resolution and dating; the core is 
annually-layer counted through 31ky (Sigl et al, 2016), and the older segment of the core 
has an absolute age uncertainty of ~500y (Buizert et al, 2015) (Figure 2-1).  




Figure 2-1. Map of West Antarctica. Potential source locations are plotted, with different 
regions in different colors: SVL in dark blue, NVL in medium blue, and MBL in light 
blue. Individual volcanoes have different-colored outlines (see key). Ice core locations 
are noted with stars. Surface JJA wind vectors for the modern are plotted as arrows 
(NCEP Reanalysis data, accessed at 
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.pressure.html). 
Outlines of the Thwaites basin region drainage basins are in dark gray.  
 
The volcanic layers can be identified visually or chemically in WAIS Divide and 
other ice cores. In some cases, the geochemical “fingerprints” of the particles themselves 
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have been used to find their source. For example, Gow and Williamson (1971) visually 
identified ~2000 tephra layers in the part of the Byrd ice corresponding to ~14-30ky, and 
later Palais et al (1990) used the major element geochemistry of particles from some of 
the layers to identify the source as Mt. Takahe—though Wilch et al (1999) later re-
assigned the source of many of these layers as Mt. Berlin. Similarly, Kurbatov et al 
(2006) counted Siple Dome ice core tephra layers spanning the past ~12ky and analyzed 
the major element composition of subset of those layers, which they compared to local 
volcanic signatures. They found that most Holocene tephras originated from MBL 
volcanoes Mt. Takahe and Mt. Berlin, with recent contributions from other Ross Sea 
region, and more distal volcanoes. 
Detailed sampling of the WAIS Divide ice core found particle and chemical 
evidence of extensive volcanism over the entire ~68ky record. Over 1100 visible volcanic 
layers were identified in the deep core, and sulfate and particle records from the most 
recent 2000 years show strong evidence of local volcanism (Dunbar, pers. comm; Sigl et 
al, 2014; Koffman et al, 2013); however, these analyses could not pinpoint the sources of 
specific eruptions. Iverson et al (2017) also identified several thick particle layers, 
deposited during the Last Glacial Maximum (LGM), that they ascribed to subglacial 
eruptions from local MBL volcanoes in close proximity to WAIS Divide, by matching 
the major element composition of the tephras to local volcanoes. 
In this work, we refine the geochemical “matching” performed by Palais et al 
(1990) and Iverson et al (2017) by using powerful Nd and Pb radiogenic isotope systems 
to more precisely fingerprint the eruptive sources of ice-core-bound tephras. Radiogenic 
isotope “fingerprinting” has been previously used to identify the source of dust in 
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Antarctic ice (e.g. Delmonte et al, 2004), but has not before been used to fingerprint the 
exact local volcanic sources.  
1b. Regional geochemistry 
In order to effectively identify the specific source of a volcanic ash or tephra 
layer, the sources have to be geochemically distinguishable. Subtle differences in the 
geologic history of different parts of the predominantly alkaline basalt provinces of the 
WARS have resulted in small but identifiable geochemical differences. For instance, 
many of the ~50 known Marie Byrd Land volcanoes have highly differentiated felsic 
lineages apparent in their eruptive products, with little evidence of crustal contamination 
(Hole and LeMasurier, 1994). In contrast, many of the Northern Victoria Land products 
are more mafic, with primary-magma-type signatures (Nardini et al, 2009). Erebus and 
Southern Victoria Land volcanoes tend to be more alkaline and more highly 
undersaturated than NVL products (Kyle et al, 1992). 
Of particular interest are the 18 subaerial volcanoes identified in the Marie Byrd 
Land (MBL) province of coastal West Antarctica, which have previously been identified 
as isotopically different from other nearby regions, such as Northern Victoria Land 
(NVL) or Southern Victoria Land (SVL) (Rocholl et al, 1995; Blakowski et al, 2016) 
(Figure 2-1; Figure 2-2a,b). Rocholl et al (1995) suggest that these differences arise at 
least partly because of magma source variation. They suggest that three different magma 
sources underlie the rift zone, essentially layered on top of each other: an EM (“enriched 
mantle”) source on top, a HIMU (‘high μ’ mantle source) layer below that, and then a 
depleted MORB-like source beneath. As rifting evolves over millions of years, the upper 
sources are tapped out and the MORB-like signature appears (‘mid ocean ridge basalt’). 
In the Marie Byrd Land region, they suggest, a long history of rifting has progressed to 
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the point where the MORB-like source dominates. In the Victoria Land provinces, rifting 
processes and magma depletion has not progressed so fully, leaving EM (‘enriched 
mantle’) or HIMU (‘high μ’) -type mantle signatures more apparent. 
A combination of crystal fractionation processes and crustal contamination within 
a magma chamber can generate an eruptive series that has a wide range of Sr 
concentrations and isotope ratios. At Mt. Sidley, a nearby volcano in Marie Byrd Land, 
Panter et al (2007) identified a suite of eruptive material produced by successive crystal 
fractionalization of an alkali basalt parent. They observe progressively depleted Sr 
concentrations in some lineages and note that as Sr concentrations decrease, the resultant 
liquid and its isotope ratios become highly sensitive to even slight additions of, for 
instance, a crustal component with a high 87Sr/86Sr ratio. At Sidley, they observed 
trachytes—the most highly evolved endmember-- with low Sr concentrations (< 150 
ppm) and high 87Sr/86Sr ratios (up to 0.715455). They ascribed the combination to a magma 
chamber contamination from the Ford Granodiorite, a biotite-rich granodiorite complex 
with highly radiogenic 87Sr/86Sr ratios; the Ford complex may extend well throughout 











Figure 2-2. a) Isotope plots of the Antarctic source regions: NVL in grey-blue, SVL in 
bright blue, and MBL in light blue. Individual volcanoes are marked as before, with 
different-colored outlines (Berlin in yellow; Takahe in orange; Waesche in pink). Data 
sources can be found in Table 2. The effects of Sr depletion and likely contamination of 
the mantle source with a higher-87Sr/86Sr source impacts the Sr isotope composition of 
some samples, visible in 2a), with 87Sr/86Sr reaching ratios >0.708 for several of the Mt. 
Berlin samples reported, with no equivalent effect on Nd or Pb isotope signatures. In 2-D, 
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it is difficult to identify specific magmatic regions, but by b) plotting the regional 
divisions plotted 3-D, they can be better differentiated.  
 
Crucially, the different regions—MBL and Victoria Land—differ in their 
radiogenic isotope signatures, and further, individual volcanoes can be distinguished 
within the regions (Figure 2-2b). In this work, we use multiple radiogenic isotope 
systems identify the sources of eight particularly thick layers of volcanic particles found 
within the WAIS Divide ice core, dated between ~27-60 ky, in order to constrain the 
sources of volcanism in WAIS. By extension, we query the possible centers of mantle 
heat at different times in the past.  
2. Methods 
2a. Ice cores and volcanic samples 
 The 3,405m-long WAIS Divide ice core (79.467° S, 112.085° W) provides a 
high-resolution continuous record of Southern Hemisphere climate over the past ~68ky. 
Eight thick particle layers (0.25-1.00 cm), identified as anomalous during visual analysis 
of the core, were cut out of the WAIS Divide ice core samples by collaborators in the 
McConnell lab at the Desert Research Institute (Reno, NV), because the particle loads 
were so visibly high that the lab was concerned the layers would clog the continuous flow 
melt apparatus used to melt and analyze the ice core samples. Between ~4-8 cm of core 
was removed, with the tephra layer centered within the removed section; therefore, there 
are discontinuities in the otherwise nearly continuous particle and dissolved chemistry 
record for the deep section of the WAIS Divide core. The eight samples were transferred 
to Lamont Doherty Earth Observatory (Palisades, NY), for further processing and isotope 
analysis to determine the particles’ origin. Ages of the layers were inferred from their 
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Figure 2-3. Sample depths (a) and ages (b). Light grey lines show visible ash layers in the 
WAIS Divide ice core, recorded during the 2012-2014 field campaigns (Nelia Dunbar, 
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pers. comm). Red lines represent MD layers. The water isotope record (δ18O) is smoothed 
with a 100-year running mean (data from Steig et al, 2013). 
 
We also analyzed four englacial tephra samples collected from the flanks of local 
Marie Byrd Land volcanoes (collected by N. Dunbar   New Mexico Institute of Mining 
and Technology) (Dunbar, pers.comm; Table 1). We also compiled a database of isotopic 
signatures of potential source areas from the GEOROC database (http://georoc.mpch-
mainz.gwdg.de/georoc/). We used the pre-compiled “Antarctica” CSV file under the 
“Rift Systems” categorization (last updated 1/17/2018), as well as samples that matched a 
geographic query that included all of West and East Antarctica (Table 2; citations 
within). We sub-sorted samples regionally, binning them as Northern Victoria Land 
(NVL), Southern Victoria Land (including the Dry Valleys and Taylor Valleys) (SVL), 
and Marie Byrd Land (MBL).  
2b. Mass spectrometric analyses 
 The ice core samples were decontaminated by rinsing each 3x with MQ water, 
using acid-leached Teflon tools, in a Lamont Doherty Earth Observatory’s PicoTrace 
Ultraclean Laboratory. The clean sample was melted in clean, pre-treated Teflon beakers, 
and then evaporated at 80°C, leaving behind only the previously ice-embedded particles. 
An aliquot of the particles was mounted and photographed using a SEM at LDEO to 
determine particle morphology.  
For trace element analyses, we weighed and digested a ~50mg of aliquot of the 
particles using a 2:1 mixture of Ultrapur™ concentrated HF and LDEO-produced, 
double-distilled 7N HNO3. Beakers were capped, sonicated, and heated at ~150°C for 24-
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48 hours, or until complete digestion of the sample was achieved (as determined by 
visual inspection). A comparable aliquot of the BCR-2 standard was prepared 
contemporaneously in order to track external accuracy.   
For isotope analyses, we weighed and digested a separate ~50mg portion of the 
particles, using the same procedure described above. Following digestion, we performed 
a series of ion chromatography column chemistries to isolate Pb, Nd, and Sr for isotopic 
analysis. We isolated Pb by passing the sample, dissolved in 0.7 N HBr, through a 100μl 
column of Eichrom AG1-X8® 100-200 mesh anion exchange resin, eluting Pb with 6N 
HCl. REE’s were first isolated from the alkali and alkaline earth metals via 100ul 
columns of Eichrom TRU® resin in 1N HNO3 solution; Rb and Sr were eluted with 1N 
HNO3, and the REE’s were subseqnetly eluted with 1N HCl. Nd was then separated from 
the REE cut by elution through 800ul columns of calibrated Eichrom LN® resin, using 
0.22N HNO3 as eluent. Sr, dissolved in 3N HNO3, was separated from the other alkaline 
earth metals via 30μl columns of Eichrom Sr® resin, eluting with MQ water.  
Nd isotope ratios were measured at LDEO on a ThermoScientific Neptune Plus 
MC-ICP-MS at LDEO. The purified Nd was suspended in 3% HNO3 at ~100ppb 
concentration. Beam intensities on 145Nd were ~2 x 10--11 A on mass 145Nd for sixty ratios 
per sample, and we monitored for mass 147 to correct for potential 144Sm interference on 
the 144Nd, correcting assuming 144Sm/147Sm = 0.20667, with no fractionation correction. We 
corrected 143Nd/144Nd ratios for instrumental mass fractionation using the Rayleigh 
exponential mass fractionation law, assuming 146Nd/144Nd = 0.7219. Samples were further 
corrected to the JNdi-1 reference value of 143Nd/144Nd = 0.512115 (Tanaka et al. 2000). 
Sample analysis was preceded by repeated measurements of reference material Jndi-1 
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until measurements stabilized. Each subsequent sample measurement was bracketed by 
Jndi-1 to ensure long-term stability across the run; Jndi-1 reproducibility over the course 
of the measurement run was 0.512083 (2σ= 0.000014, 27ppm, n = 20). To ensure 
external reproducibility, we also measured BCR-2 and La Jolla reference standards. 
BCR-2 averaged 143Nd/144Nd = 0.512648 (2σ= 0.000016, n = 2), within 2σ of Jweda et al 
(2015), who reported 143Nd/144Nd = 0.512637. La Jolla averaged 143Nd/144Nd = 0.511862 (2σ= 
0.000011, n = 2), within 2σ of Jweda et al (2015)’s 143Nd/144Nd = 0.511858. We 
additionally report Nd results in terms of their measured deviation from the Chondritic 
Uniform Reservoir (CHUR), where eNd(0)  = 10,000 * (143Nd/144NdSample -  143Nd/144NdCHUR)/ 
143Nd/144NdCHUR and 143Nd/144NdCHUR  = 0.512638 (White, 1994).   
Sr isotope measurements were performed on a VG Sector 54-30 TIMS at LDEO. 
Samples were loaded on zone-refined tungsten (W) filaments in 6N HCl with a tantalum 
chloride (TaCl5) solution as an activating agent and measured in multidynamic mode at 
88Sr beam intensities of ~1-3V (e.g. ~1-3 x 10-11 A of signal with 1011 Ω resistors) (after 
Jweda et al, 2015), with 60-200 ratios measured per sample. To determine and correct for 
potential interference from residual Rb on 87Sr, we monitored 85Rb, and corrected 87Sr 
measurements, assuming 87Rb/85Rb = 0.3856. We then corrected Sr measurements for mass 
fractionation using the Rayleigh exponential mass fractionation law, assuming 86Sr/88Sr = 
0.1194., and further corrected to a NIST SRM 987 value of 87Sr/86Sr = 0.710248. 
Preceding, throughout, and after the run, we measured NIST SRM 987 to determine 
measurement reproducibility (86Sr/88Sr = 0.710255 ± 0.000044 (2σ = 63 ppm, n = 6)). 
Pb isotopes were also measured on a ThermoScientific Neptune Plus MC-ICP-MS 
at LDEO, in 3% HNO3 at ~100ppb concentration. Samples were spiked with Tl for a 
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Pb/Tl ratio of 5.4 in order to correct for instrumental mass fractionation, assuming a 
203Tl/205Tl ratio of 0.41844 and applying the Rayleigh exponential mass fractionation law 
(Thirlwall, 2002). After measurement reproducibility was sufficient, as determined by 
repeat measurements of NIST SRM 981, samples were measured, each bracketed by the 
standard. Repeat measurements of 981 over the course of the measurement run yielded 
isotope ratios of 206Pb/204Pb = 16.9100 (2σ= 0.0018, 108ppm, n= 22), 207Pb/204Pb = 15.4628 
(2σ=  0.0018, 119ppm, n= 22), 208Pb/204Pb = 36.5720 (2σ=  0.0084, 230ppm, n= 22), 
206Pb/207Pb = 1.0936 (2σ= 0.0001, 85ppm, n= 22), and 208Pb/207Pb = 2.3652 (2σ= 0.0003, 
157ppm, n= 22). Sample measurements were corrected to NIST 981 (206Pb/204Pb = 16.9405, 
207Pb/204Pb = 15.4963, and 208Pb/204Pb = 36.7219, respectively) (Galer and Abouchami, 1998). 
External reproducibility was checked against BCR-2 (n = 2), where average 206Pb/204Pb = 
18.7376 (2σ=  0.0047; 207Pb/204Pb = 15.6169 (2σ= 0.0022); and 208Pb/204Pb = 38.7030 (2σ=  
0.0076), lower than the values reported in Jweda et al (2015) (18.8029, 15.6240, and 
38.8287, respectively) but comparable to those reported in GeoREM (via Jochum et al, 
2016; averages of 18.7583, 15.6222, and 38.7265, respectively), though still outside the 
2σ range. Jweda et al (2015) suggest that a strong HNO3   leach step removes contaminant 
Pb; though this leach step was performed, it is possible that not all contaminant from the 
BCR-2 standard was removed. 
Full process blanks, processed alongside samples with concentrations measured 
on a VG PQ ExCell quadrupole ICP-MS at LDEO, in 3% HNO3. Average blanks 
measured 23 and <1 pg for Sr and Nd, respectively (n=4). The average Pb blank was 
26pg (n = 5).  
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3. Results  
3a. MBL volcanic isotopic signatures 
The Sr, Nd, and Pb isotopic ratios and concentrations of the four MBL volcanic 
samples measured fall within the range of previously-published Marie Byrd Land 
samples (Figure 2-4a-c). Sr, Nd, and Pb isotope values show values characteristic of a 
depleted mantle source, similar to most previously-published WARS data (Hole and Le 
Masurier, 1994; Panter et al 1997). They have low 87Sr/86Sr values (<0.705030, mean 2se = 
0.000203), eNd(0) between 2.99 and 5.67 (mean 2se  = 0.16), and 208Pb/207Pb ratios between 
2.4660 and 2.5189 (mean 2se = 0.0004) (Table 1; Figure 2-4a). One of the Mt. Berlin 
samples, BIT153, has a higher 87Sr/86Sr compared to other samples (87Sr/86Sr = 0.705030 +/- 
0.000026), while the bulk of the previously-reported samples from Mt. Berlin cluster at 
~87Sr/86Sr = 0.70300. In general, these low 87Sr/86Sr ratios is consistent with a depleted 
mantle source with little to no crustal contamination (LeMasurier and Thomson, 1990). 
But this pattern, of increasing 87Sr/86Sr with no systematic change in Pb or Nd isotopic 
signature, has also been observed in Marie Byrd Land volcanic enters.  At Mt. Berlin, 
LeMasurier and Thomson (1990) reported oversaturated trachytes that were depleted in 
Sr and but had higher 87Sr/86Sr (up to 0.707817) than surrounding samples; they offer no 
explicit explanation for these unusual results. Later, at Mt. Sidley, Panter et al (1997) 
observed both basanite-phonolite and alkali basalt-trachyte sequences had high Sr isotope 
ratios, (up to 87Sr/86Sr = 0.715455) often in conjunction with low Sr concentrations 
(<10ppm Sr). They explain the pattern in both lineages as a result of fractional 
crystallization within the main magma chamber sourcing the eruptions, resulting in low 
Sr concentrations in the melt fraction—leaving the 87Sr/86Sr ratio of the melt highly 
susceptible to being nudged higher by contamination by a source with high 87Sr/86Sr, such 
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as the Ford Granodiorite, a ~350 million-year old crustal block that crops out across 
Marie Byrd Land. 
3b. Ice core particle layer isotope geochemistry  
The seven oldest (29.75-60.45 ky) fit within a tight eNd(0) range, between 3.03 and 
3.38 eNd(0)  (2se between 0.16 to 0.17) (Table 1). These samples will be referred to as 
“Group 1” samples. 87Sr/86Sr ratios of these seven samples vary considerably, between 
87Sr/86Sr = 0.703375 (2se = 0.000230) and 87Sr/86Sr = 0.706901 (2se = 0.000647). 208Pb/207Pb 
ratios for those same seven samples fall between 2.5144-2.5223 (mean 2se = 0.0005; 2σ= 
0.0060). The youngest sample (27.92 ky; “Group 1”) sits in slightly different isotopic 
space in Nd and Pb: eNd(0) = 5.19 (2se = 0.16 eNd) and 208Pb/207Pb  =  2.4827 (2se = 
0.0003), respectively, but has a different 87Sr/86Sr ratio from the samples extracted from 
older ice (87Sr/86Sr = 0.703222, 2se = 0.000196) (Figure 2-4).
 
Figure 2-4. Isotope fingerprints of volcanoes (a-c), Megadust (d-f), and published data 
from across the MBL (g-i).  The left column shows 87Sr/86Sr and  eNd(0) ; the center 
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columns eNd(0) and 208Pb/207Pb; and the third column 206Pb/207Pb  and 208Pb/207Pb. Data 
reported in this work is marked with a star. In Figure 2-4a, the 87Sr/86Sr isotope ratio 
enrichment observed in published Mt. Berlin samples (light blue circle with yellow 
outline) is mirrored by a LDEO sample (light blue star with yellow outline). In 2-3d, it is 
clear that the seven older Megadust samples (red stars with black outlines) fall along a 
similar strongly increasing 87Sr/86Sr pattern that intersects with the Mt. Takahe signature, 
while the youngest sample (red star with black circle inside) more closely overlaps with 
the Mt. Berlin fingerprint.  
The particle-rich layers show the same strong 87Sr/86Sr pattern observed in some 
MBL volcanoes, as described above. They fall within the range of previously-reported Sr 
isotope ratios for Mt. Berlin, where Le Masurier et al (1990) reported a trachyte with a 
87Sr/86Sr of 0.707817. The maximum Megadust 87Sr/86Sr is significantly less than that 
observed at Mt. Sidley, where ratios in phonolite and trachyte samples reached 0.715455 
(Panter et al, 1997), and other enriched samples from Mt. Andrus (87Sr/86Sr = 0.717024) 
(Le Masurier et al, 2011).  
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Figure 2-5. Both a) Rb/Sr v. 87Sr/86Sr of Megadust (blue) and local volcanoes (red, 
samples measured in this work) and b) 1/Sr v. 87Sr/86Sr of the same samples reveal weak 
positive correlations. More Sr-depleted samples and samples where Rb concentrations 
dominate the ratio tend to have higher isotopic ratios, indicating that contamination with 
a Rb-rich or high-87Sr/86Sr source can influence the fingerprint of the resulting volcanic 
material. 
The concentration of Sr, as well as the Rb/Sr ratio in the sample, correlates with 
the 87Sr/86Sr ratio in the volcano samples (Figure 2-5). For Rb/Sr v. 87Sr/86Sr, a linear fit 
gives r = 0.98 for the volcano dataset and r= 0.35 for the Megadust layers. In Panel b), 
1/Sr v. 87Sr/86Sr, a linear fit gives r = 0.98 for the volcano dataset and r= 0.29 for the 
Megadust layers, indicating that no significant relationship exists for the Megadust 
samples. 
4. Discussion 
 SEM photography reveals particles up to ~100µm in diameter, with glassy, 
vesicular, sometimes curved faces (Figure 2-6). We did not quantify the grain size 
distribution of the layers but note that size distributions are often used as an indicator of 
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the distance to the volcanic source. Particles larger than 500 µm are generally deposited 
within a few tens of kilometers from the source, while “cryptotephra,” or 20-135µm 
grains, often represent a source within ~500km (Stevenson et al, 2015) (Mt. Takahe is 
<400 km from WAIS Divide; Mt. Berlin, <700 km; Mt. Erebus, ~1700km). The grain 
size distribution of distally-sourced material, in contrast, centers around ~2um in East 
Antarctic ice cores, and is ~5-8um at WAIS Divide in the Holocene (Albani et al, 2012; 
Koffman et al, 2014). In addition, modern reanalysis data shows the dominant JJA 
(austral winter) transport pathways to WAIS Divide pass from the Bellinghausen-
Amundsen sea region, over the MBL volcanoes, and upslope toward the ice divide, rather 
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Figure 2-6. Representative SEM photographs from different samples reported in this 
study: a) Volcanic sample MTK998-119, collected from Mt. Takahe; b) BIT153, 
collected at and sourced from Mt. Berlin; c) MD3, one of the tephra samples from the ice 
core (31.90 ky), likely sourced from Mt. Takahe; and d) MD7, the youngest ice core 
tephra sample analyzed here (27.92 ky), likely sourced from Mt. Berlin. 
 
The radiogenic isotope geochemistry of the samples precludes a distal continental 
source such as Southern South America which is the dominant source of fine-particle 
dust for Antarctica during glacial stages (e.g., Delmonte et al, 2004). Typical Patagonian 
dust samples have 87Sr/86Sr, eNd(0), and 208Pb/207Pb ratios of 0.709070, -3.10, and 2.470, 
respectively; the MBL and MD samples reported here fall well outside the range of 
reported Patagonian dust signatures (Borunda, in prep). Instead, the mantle-like 
signatures of the Megadust samples require a volcanic source.  
The seven oldest samples cluster tightly in eNd(0): 208Pb/207Pb space, indicating that 
they share a common eruptive source, and sit neatly on top of both previously reported 
Mt. Takahe samples and our own sample measured for this study (Figure 2-4a). In 
contrast, there is a broad spread in the 87Sr/86Sr ratios that correlates with the Sr 
concentration in each sample, indicating that magma chamber dynamics and crustal 
contamination with a high 87Sr/86Sr- source, such as the ~350 million year old Ford 
Granodiorite, may be playing out at Takahe in a way similar to Mt. Sidley and Mt. Berlin. 
The source of the youngest sample is more enigmatic, as no other Pb isotope data beyond 
what we report here is available from Mt. Berlin for matching purposes. But given a) the 
close correspondence in 87Sr/86Sr: eNd(0)  between Berlin and the Group 2 sample and b) the 
  78 
close correspondence of our reported Pb isotopes for Mt. Berlin and youngest ice core 
sample we tentatively assign Mt. Berlin as the source (Figure 2-4b).  
Thousands of tephra and ash layers have been identified in Antarctic ice cores, but 
only a small subset of these layers has been geochemically characterized. Past analyses 
relied primarily upon major element analysis, and no other studies have used multiple 
powerful radiogenic isotope systems to precisely pinpoint the source. To our knowledge, 
these eruptive patterns have not previously been compiled fully, and our new data 
complements and informs the previous source identifications.  
While these subsets are generally not comprehensive--at Byrd, for example, only 
~30 out of ~2000 total identified layers were fingerprinted—coherent patterns of eruptive 
activity emerge (Figure 2-7). The West Antarctic ice cores (Byrd Station, Siple Dome, 
and WAIS Divide) predominantly record the eruptive history of the MBL volcanoes, with 
occasional incursions from eruptions further afield—from Victoria Land to Cerro Hudson 
to New Zealand (Figure 2-7). In Figure 2-7, we compile volcanic source data from these 
three ice cores to present a comprehensive picture of how the different volcanic sources’ 
relative dominance changes over time, providing insight into the mantle dynamics at 
play. 
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Figure 2-7. Sources of volcanic particles in the West Antarctic ice cores: WAIS Divide, 
Byrd Station, and Siple Dome. Sample depths are marked with red stars. Sources are 
colored with the same hue as in Figures 1 and 2: Mt. Takahe in peach, Mt. Berlin in 
yellow, NVL in light blue, SVL in dark blue, and South America (SAM, not shown in 
Figure 2) in green (data from Palais et al, 1988; Wilch, 1997; Wilch et al, 1999; Kurbatov 
et al, 2006; Gow and Meese, 2007; Dunbar and Kurbatov, 2011). The top panel shows 
the known eruptions, using samples of flows from the flanks of the volcanoes themselves, 
with associated age errors, at Mt. Berlin, reported by Wilch et al (1999); the bottom 
  80 
shows known eruptions at Mt. Takahe (ibid). The ice δ18O curve (black; WAIS Divide 
Members, 2015) was smoothed with a 100-year running filter.  
 
At Siple Dome, Mt. Berlin is the dominant source identified during the ~20ky-
60ky period, although a dearth of data between ~60-35ky is apparent (Kurbatov et al 
2006; Dunbar and Kurbatov 2011). More contributions from distal volcanoes from 
Victoria Land and South America appear in the Siple record during the Holocene (Palais 
et al., 1988; Gow and Meese, 2007; McConnell et al 2017; Iverson et al 2017). At Byrd 
Station, Mt. Takahe was identified as a key primary source during MIS2-3, though many 
of the layers from ~20-30ky from the Byrd core that were initially ascribed to Takahe 
(Palais et al, 1988) were later re-evaluated and re-ascribed to Mt. Berlin (Wilch et al, 
1999). Takahe remained at least partially active after that period, however: it was 
identified as the source of a volcanic event at the start of the deglacial (~17.7ky), where 
an explosive eruptive event may have induced major climate change effects in the region, 
and continues to fume today (McConnell et al, 2017). It is challenging to construct 
overall patterns of activity across the region, but with addition of our new WAIS Divide 
data clarifies Mt. Takahe as a key eruptive source during the 60-30ky period (Figure 2-7). 
After this, Mt. Berlin appears to activate briefly, before Takahe resumes activity through 
the deglacial period and into the Holocene (Figure 2-7).  
Mt. Takahe sits at the edge of the Thwaites Glacier catchment. The Thwaites ice 
stream, one of the most rapidly moving glaciers in the world, is known to be sensitive to 
the high geothermal heat fluxes at its base, and heat fluxes are tied to volcanic activity 
(Schroeder et al, 2014; Blackwell et al, 1982). If Takahe was the dominant site of 
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volcanism in the WAIS for the ~60-30ky period, subglacial heat fluxes may have been 
high compared to times when the Berlin eruptive center dominated. Evidently, under 
glacial boundary conditions, changes in the basal heat flux were not sufficient to 
significantly affect ice sheet geometry significantly. However, under different boundary 
conditions—for example, during deglaciation, or the current interglacial—the relative 
importance of the Thwaites/Takahe-region basal heat fluxes could have a more 
significant impact on ice sheet geometry, and, by extension, ice sheet stability.  
5. Conclusions  
 Extensive volcanism has occurred in the WARS province over the past ~30My, 
continuing through the past glacial cycle. At WAIS Divide, with the first radiogenic 
isotope measurements on ice core samples from the West Antarctica, we found that Mt. 
Takahe sourced several thick tephra layers between 29.75-60ky, indicating that it was the 
site of persistent volcanic activity throughout this period. The youngest layer analyzed, 
from 27.92 ky, was sourced from Mt. Berlin, another slightly more distal MBL volcano. 
Isotopic analyses on particle layers in ice cores can help narrow down or even pinpoint 
specific volcanoes. This information can help to understand eruptive histories, especially 
given poorer preservation and limited dating accuracy of older flows at source sites. In 
addition, isotopic analyses on ice core samples can provide insights into magma chamber 
dynamics and crustal contamination sources. During the periods when Mt. Takahe was 
active, geothermal heat fluxes imparted to the base of the Thwaites Glacier region may 
have increased. Shifting centers of volcanism may affect ice sheet basal conditions in 
times when the climate boundary conditions render the ice sheet more sensitive than 
during glacial periods.  
  
  82 
6. Tables 
 
Table 1. Data for the four englacial tephra samples and eight “Megadust” ice core 
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Table 2. GEOROC citations for all datasets from the “Antarctica” precompiled CSV file; 
we excluded datasets from East Antarctica and those that did not contain relevant isotope 
data. We added in several datasets that were not included in GEOROC, noted with stars. 
Actual data can be found in the citations.  
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Chapter 3 : Australian dust exported to the Tasman Sea over the last 
glacial cycle: fingerprints, fluxes, and sources 
Abstract 
Australia is the most prolific dust source in the Southern Hemisphere today, producing 
dust that travels thousands of kilometers from its source and that influences climate and 
biogeochemical systems along its settling path downwind. Australia is often presumed to have 
been an active dust source during past climate stages, as well, but the precise dust-producing 
regions of the continent in the past have not been fully identified. Here, we report dust fluxes and 
geochemical fingerprints of dust extracted from a marine sediment core in the Tasman Sea, in the 
middle of the modern dust plume, over the past ~134ky. We report the 87Sr/86Sr, εNd(0), and 
206Pb/207Pb and 208Pb/207Pb radiogenic isotope signatures of the fine fraction (<5μm) and bulk fraction 
of dust particles extracted from a sediment core from the Tasman Sea (ELT39.75, 36°29.3' S, 
161°12.8'E, 3875m depth), as well as the 232Th-normalized dust fluxes, and use the geochemical 
fingerprints to identify the dust source region within the Australian continent. We also analyze 
12 fine-fraction samples of dust potential source areas from Southeastern Australia and compile 
a comprehensive database of all published radiogenic isotope data for potential source regions 
across the continent. Radiogenic isotope signatures for the <5μm grain size fraction range 
between 87Sr/86Sr= 0.710134 to 0.716898; εNd(0) between - 6.26  to 0.29; 206Pb/207Pb between 1.2035 
and 1.2127; and 208Pb/207Pb between 2.4820 and 2.4886. However, the range is largely driven by 2-
3 outliers in the dataset. When removed, the remaining samples fall in a narrow range, with mean 
87Sr/86Sr= 0.715323 (2sd= 0.001312, n = 21),  εNd(0) = -5.90 (2sd = 0.51, n = 22), 206Pb/207Pb = 
1.2053 (2sd = 0.0014, n =20), and 208Pb/207Pb  = 2.4844 (2sd = 0.0020, n=20). We identify the Lake 
Mungo region of southeastern Australia as the primary source of dust to the Tasman Sea over the 
last glacial cycle (~134kyr). Applying a mixing model, we find that the Lake Mungo region is 
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the dominant source of dust to ELT39.75 for most of the record, supplying between 18-91% to 
each interval sampled, with an average contribution of 71%. The remainder is contributed by the 
Lake Eyre Basin or, at a few points, the Darling basin. It has been proposed that the northern 
edge of the mid-latitude westerly wind band expands northward during cold stages, by ~2-3° or 
more. We do not record a coincident provenance shift northward during cold stages. However, 
our data do not preclude movement of the westerlies; they simply do not provide supporting 
evidence that they move. 
 
1. Introduction 
1a. Background and motivation 
Australia produces the most dust in the Southern Hemisphere, sloughing off between 
~50-100 Tg of mineral dust particles each year (Tanaka and Chiba, 2006; Ginoux et al, 2012). 
This dust, produced and uplifted in the continent’s arid regions, settles or rains out downwind of 
its source, extending from the Tasman Sea to the southern Pacific Ocean, providing key nutrients 
for many terrestrial and oceanic ecosystems and influencing the radiative balance along its path 
(Gabric et al, 2010). Moreover, dust from the Australian continent can influence global-scale 
climate, via atmospheric processes (e.g. by influencing atmospheric reflectivity, acting as cloud 
condensation nuclei, or other atmospheric processes); or by influencing surface biology in 
nutrient-limited regions of the Southern Hemisphere Pacific Ocean (Mahowald et al, 2014; 
Karydis et al, 2011; Shoenfelt et al, 2018). 
Changes in the position and intensity of the southern hemisphere westerly winds affect 
global climate (Kohfeld et al, 2013). The westerlies affect water mass upwelling in the 
Subantarctic region, which can drive the release of CO2 stored in the deep ocean, affecting global 
atmospheric CO2 on glacial-interglacial timescales (Anderson et al, 2009; Martinez-Garcia et al, 
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2011; Martínez-Garcia et al, 2014). The behavior of these winds in the geologic past is not fully 
understood, particularly in the Australasian sector (e.g. Treble et al, 2016; Bowler, 1978; 
Wywroll et al., 2000; Shulmeister et al., 2004, 2016; Hesse et al., 2004; Turney et al., 2006; 
Cohen et al., 2011; De Deckker et al., 2012). The Australian continent sits higher in latitude (~15 
to 40°S) than the core of the modern mid-latitude westerlies (~50°S in the Australasian sector, 
e.g. Rojas et al, 2009), but westerly mean flow dominates transport in the southern half of the 
continent during the modern observational era (e.g. O'Loingsigh et al, 2017); the high-pressure 
subtropical ridge, which generally marks the boundary between tropical easterly circulation and 
the midlatitude westerly circulation, sits near somewhere between ~34-35°S during summertime, 
though its position varies seasonally and on synoptic timescales (Drosdowsky, 2005). It has been 
proposed that the position of the subtropical ridge, and by extension the northern edge of the 
westerly wind belt, may have been displaced northward during past glacial periods (e.g. Hesse, 
1994; Hesse and McTainsh, 1999; DeDeckker et al, 2012).  
The geochemical signature of dust is often used to identify dust source-to-sink 
atmospheric pathways (Delmonte et al, 2004; Han et al, 2018), but the geochemical signature of 
Australian dust has not been fully characterized, precluding it from being appropriately identified 
in downwind archives. Dust extracted from downwind climate archives, such as marine sediment 
cores in the Pacific (e.g. Wengler, in prep) or Antarctic ice cores (e.g. Revel-Rolland et al, 2006), 
are often inferred to have some Australian contribution, but exactly what the Australian 
endmember looks like geochemically is not fully known. Indeed, the Australian continent 
contains highly variable lithologies, each with distinct geochemical signatures, and the exact 
geochemical signature of the material being exported from the continent has only been partially 
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characterized (Petherick et al, 2009). In particular, it is not clear whether this signature varied 
over glacial cycles, as climate conditions and wind regimes changed across the continent. 
1b. Tools for tracking flux and provenance 
The geochemical fingerprint of transported dust particles found in climate archives, 
reflects the lithology from which that dust was sourced. In other words, the fingerprint of dust 
found in a climate archive, such as a marine sediment core, holds an identifiable signal of its 
provenance. Changes in dust provenance, tracked over time, can be used to identify shifts in 
climate conditions in the source regions. Provenance analyses can also record changes in the 
atmospheric transport pathways that carry the dust particles from source to sink. For example, 
glacial-interglacial changes in both dust fluxes and sources to the Eastern Equatorial Pacific are 
driven by aridity cycles in the source regions and shifting of the major atmospheric transport 
pathways that control the delivery of dust to the ocean (Pichat et al, 2014; Jacobel et al, 2016; 
Winckler et al 2008). Provenance can shift on even shorter timescales, as well: Bory et al (2003) 
demonstrated seasonal-scale changes in the fingerprint of dust delivered to the modern 
Greenland ice sheet during in the modern, likely a result of both seasonal variability in source-
region dust availability and transport.  
However, few dust flux and provenance records have been reported from the Australasian 
and Pacific sectors (Lamy et al, 2014). Provenance analysis indicates that South America sources 
most of the dust to the Atlantic sector during glacial stages (Delmonte et al, 2004; Vallelonga et 
al, 2010; Wegner et al, 2012), but whether South American dust also reaches into the Pacific is 
as yet unknown (e.g. Lamy et al, 2014). In order to best understand the balance of sources that 
may be important in the Pacific sector, we need to effectively distinguish the Australian from the 
South American signatures; we need to know the specific “fingerprint” of dust being exported 
from the two different regions at different points in time. The South American provenance 
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timeseries have been well-characterized for the past several glacial cycles, but the Australian 
signature—and how that signature changes over time—has not (Gili et al, 2016; Gili et al, 2017).   
In order to identify the Australian fingerprint, we have to match potential source areas 
(“PSA’s”) to the signature of dust found in a climate archive. There is evidence that 87Sr/86Sr 
isotope ratios are higher in finer grain size fraction of source area dust (in particles <5um in 
diameter) than in bulk sediments (Gaiero, 2007; Koffman et al, in prep), with the shift primarily 
ascribed to differences in the mineral composition of the finer grain size fraction compared to 
bulk (e.g. Garçon et al, 2014). The effect does not appear to influence the Nd isotopic system in 
any consistent manner or outside measurement error (Koffman et al, in prep), and the 
observations for the different Pb isotope pairs show no consistent offset (though differences have 
been observed between grain size fractions) (e.g. Gili et al, 2016; Feng et al, 2010). In order to 
appropriately compare PSA to dust found in the climate archives, therefore, a smaller grain size 
fraction must be compared. Since the mode of long-distance transported dusts that reach 
Antarctica is <5um in diameter (Petit & Delmonte, 2009), the convention has been to compare 
dust retrieved from ice cores or marine sediment cores with the <5um fraction of PSA’s (e.g. 
Delmonte et al, 2004). 
1c. Regional setting and geochemistry: 
 There are two major atmospheric pathways by which dust exits Australia: the 
northwestern and southwestern plumes (Figure 3-1). The former scavenges material primarily 
from the northwestern deserts of Australia and then sweeps out over the Indian Ocean. More 
relevant here, however, is the southwestern transport pathway, that picks up terrestrial material 
primarily from the southern-central and south-eastern sectors of the continent as storms 
embedded in the mid-latitude westerly wind bands pass over the continent before they continue 
out over the Tasman Sea (Hesse, 1994). The sediment core (ELT 39.75; 36°29.3' S, 161°12.8'E, 
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3875m water depth; Hesse, 1994) analyzed in this study lies directly in the pathway of the 
modern southwestern dust plume (Figure 3-1).  
The most prolific dust source in the continent in the modern satellite era is the Lake Eyre 
basin (LEB), an ephemeral, internally-draining basin that covers ~one seventh of the Australian 
continent, located in the central/southern part of the country (Figure 3-1) (Bullard et al, 2008). 
The endorheic basin collects river runoff from several ephemeral rivers whose precipitation is 
sourced primarily from the northern, monsoonally-controlled reaches of the continent (Bullard 
and McTainsh, 2003). Other modern dust sources include the Murray and Darling river 
catchment basins, east of the LEB (Marx et al., 2005) (Figure 3-1). The floodplain regions 
around these strongly seasonal rivers, as well as the ephemeral playas and edges of lakes in both 
the LEB and Murray-Darling catchments, replenish frequently and provide a relatively constant 
source of new material that can be picked up with strong winds (Hesse and McTainsh, 2003).  
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Figure 3-1.Maps of Australia and the key locations discussed in the text. In a) the εNd(0)  
signature of PSA samples from across the continent are shown (sources: Delmonte et al., 200; 
Grousset et al., 1992; Revel-Rolland et al., 2006; Gingele and DeDeckker et al., 2005; 
Vallelonga et al, 2010). Semi-distinct signatures (relatively yellow v relatively blue, 
respectively) are observed for the Darling and Murray rivers, but Lake Eyre and the Darling 
River cannot be adequately distinguished on the basis of Nd alone. Dominant wind patterns are 
shown with dotted arrows (after Bowler et al, 1976). The location of ELT39.75, the marine 
sediment core from which the data in this work is derived, is marked with a maroon star. MD03-
2607 is also discussed in the text (maroon square). In panel b) the key dust-producing regions in 
southern/southeastern Australia are outlined. The Lake Eyre basin (green), the Murray catchment 
(yellow), the Darling catchment (orange), and Lake Mungo/Willandra Lakes (peach) are outlined 
in colors that will be used throughout the rest of figures and text. c) is adapted from Williams et 
al., 2015, and shows the modern mean annual subtropical ridge location as well as generalized 
illustrations of the westerly winds. Locations are marked as previously. d) shows a hypothetical 
northward expansion of the range of westerly influence during cold stages. 
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The central portion of the Lake Eyre basin is covered with thick beds of unconsolidated 
material, sourced from the basin’s upriver drainage areas (Habeck-Fardy and Nanson, 2014). 
Different rivers cut through relatively young Cenozoic volcanic outcrops along the northern and 
northwestern edges of the basin, ferrying sediments with those geochemical fingerprints 
downriver toward the inland basin. Other river systems intersect Mesozoic outcrops throughout 
the entire basin. Still other systems cut through Paleozoic and Proterozoic basement rock 
outcrops primarily along the northwestern edge of the basin (Habeck-Fardy and Nanson, 2014). 
The LEB collects the fine-grained, river-transported material from all of these varied rock 
sources, ending up with a geochemical profile that represents an admixture of all of these 
sources. 
 The Darling river basin abuts the LEB to the southeast, divided by the Flinders Range 
mountains. The Flinders mountains are comprised of folded and metamorphosed Neoproterozoic 
sediments (Paul et al, 1999) and have a distinct geochemical signature from the LEB: more 
negative εNd(0) (~-10)  and higher 87Sr/86Sr (>0.714) (e.g. Elburg et al, 2003). The Darling river and 
its tributaries’ headwaters begin in the north, fully within the geographic range where 
precipitation is controlled by the monsoonal cycle, but the southern reaches of the river basin sit 
within the region where precipitation is delivered by storms embedded in the southern 
hemisphere westerly winds (SHWW’s)—so the flow regime represents a mixture of monsoonal 
and westerlies- transported precipitation. The Murray River and its tributaries, on the other hand, 
are primarily fed by westerly-controlled precipitation (Pitman et al, 2004). The two river 
systems, therefore, respond to different precipitation forcings.  
 Conveniently, the two river systems pass through regions with very different geology, 
rendering the material the rivers erode and transport geochemically distinguishable.  The Murray 
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River and tributaries drain the southeastern highland region, cutting through the Paleozoic and 
Precambrian granites of the Lachlan fold belt—old rocks with ample silicates and consequently 
high 87Sr/86Sr and low εNd(0) (Keay et al, 1997). The Darling River, in contrast, passes over 
younger, less silicate-rich rocks from the New England fold belt: its tertiary basalts and 
granitoids have lower 87Sr/86Sr ratios and higher εNd(0) than the Murray River basement rocks. The 
fine-fraction “dust” samples vary accordingly (Gingele et al, 2007). Sediments that drain out of 
the older lithologies of the Flinders Range are similarly distinct. However, the isotopic 
differences in fine-fraction samples collected from these different regions—the LEB, the Murray 
basin, and the Darling basin—are only semi-unique. Any single isotope system alone cannot 
sufficiently distinguish between regions (Figure 3-2), but by combining several different isotope 
analyses, we can more effectively distinguish the regions (Figure 3-2). In several cases there are 
individual PSA samples within the regional subsets that more closely resemble other regions. For 
example, most PSA’s from sediments collected along the Darling River share similar isotope 
fingerprints, but one sample, from the Warrego (Gingele and DeDeckker, 2005), is lower in εNd(0) 
and higher in 87Sr/86Sr than its counterparts (including another sample collected from a very 
nearby location) (Figure 3-2). These kinds of anomalies complicate PSA interpretations but are 
common in PSA datasets.  
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Figure 3-2. Isotope signatures of PSA samples for all published data and PSA samples reported 
in this work. Regions are categorized by color; LE = green, Murray = yellow and Darling = 
orange (and the Lake Mungo samples in peach). In 1D space (top row), the regions overlap and 
cannot be adequately distinguished. In 2D space (b, c, d), the regions emerge as geochemically 
distinct, and in 3D (e) they are easily distinguishable.  
 
 
  101 
 
Figure 3-3.One sample from Warrego (red circles), along the Darling River (Gingele and 
DeDeckker, 2005), is different from many of the other Darling Basin PSA fingerprints. It is 
closer in signature to Lake Mungo.  
 
1d. Regional climate over the last glacial cycle 
Australia experienced dramatic changes in both temperature and hydrologic regime in the 
past, influencing the production, availability, and uplift of dust from the continent (Hesse, 1994). 
These factors both influence dust source, availability, and fluxes from the different the potential 
source regions (Zender and Kwon, 2005; Evans et al, 2016; Marx et al, 2018).  
In MD03-2607, a marine sediment core off the southeastern coast of Australia and 
downwind from the Lake Eyre Basin, Lopes dos Santos et al (2013) record sea surface 
temperature shifts of ~10°C over glacial-interglacial transitions, accompanied by major shifts in 
dominant vegetation type across those same transitions. Comparable estimates of temperature 
changes have been reported for the terrestrial realm; Miller et al (1997) estimate that air 
temperatures in the continental interior were up to ~9°C cooler at the Last Glacial Maximum 
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than during the Holocene. At the same MD03-2607 sediments core, which also collects 
sediments sloughed from the Murray and Darling river basins of southeastern Australia, Bayon et 
al (2017) record shifts in the εNd(0) of sediments in the core, indicative of a higher hydrologic 
activity in the more northern Darling basin during during MIS stages 3 and 4, which they 
interpret as a strengthening of the northern Australian monsoon and increased wetness farther 
north in the continent.  
Lake level records also provide insights into the climate and hydrologic history of the 
central interior section of the continent. Throughout the Quaternary, lake high stands generally 
occur during interglacial periods, more specifically during times of increased monsoon strength 
generally associated with increased northern hemisphere insolation, while low stands occurring 
during cold, dry glacial periods (Wyroll and Valdez, 2003). Different potential dust source 
regions dried and dampened at different times over the last glacial cycle, potentially changing 
dust availability within those regions (Marx et al, 2011). 
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Figure 3-4. Climate context and sample locations in the ELT39.75 sediment core. In a), sea 
surface temperatures from the MD03-2067 sediment core off southeastern Australia record 
temperature swings of ~10°C over the last glacial cycle (age scale under panel c; data from 
Lopes dos Santos, 2013). In b), the εNd(0) signature of terrigenous sediments in the MD03-2067 
core record the relative dominance of the Murray or Darling rivers sediments, a proxy for 
hydrologic activity in the basins. The more northerly Darling was active during MIS 3-4 (data 
from Bayon et al, 2017). In c) and d) heavy blue lines show the δ18O of Uvergerina peregrina for 
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the ELT39.75 sediment core (δ18O analyzed by Hesse, 1994) on an age scale ( c) generated by  
matching the isotope record with the orbitally-tuned SPECMAP chronology (Hesse, 1994) and 
the raw depth scale (d). The sample depth/ages investigated in this work are marked with grey 
lines. A, b, and c) are all plotted on the same age scale. 
 
Lake Eyre is fed by rivers that originate in the northern part of the continent, and its level 
reflects precipitation activity in that northern, monsoonally-controlled sector (Habeck-Fardy and 
Nanson, 2014). In contrast, Lakes Frome, Callebona, Blanche, and Gregory sit at the 
southeastern edge of the basin and are fed primarily by precipitation from the winter, westerly-
embedded storms, though there is partial contribution from the northern regions (Nanson et al 
1998). The Willandra Lakes system--the most notable of which is Lake Mungo, though the lake 
is dry today—sit to the southeast of Lake Eyre and Lake Frome, in the Murray River region (but 
unconnected to the Murray River itself). The stepped series of presently-dry lakes were fed in the 
past by runoff from the southeastern highlands, for which the precipitation source is presumed to 
be the SHWW’s. The lakes have filled and dried many times over the past ~60ky but follow the 
same general pattern as the Lake Frome-region records: progressive drying after MIS4 
(Fitzsimmons et al, 2014). During filled phases, fine sediments collect on the lakebed, and during 
dry stages the exposed basins deflate, contributing particles to downwind dune fields and beyond 
(Farebrother et al, 2017).  
Understanding the complex aridity history of the different catchment regions within 
central, south, and southeast Australia is an ongoing challenge. By dovetailing these records with 
dust provenance analyses in both local and distal archives, researchers can develop a more 
comprehensive understanding of aridity and transport across southern Australia and beyond. 
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This study aims to identify the fingerprint of Australian dust, using Sr, Nd, and Pb 
radiogenic isotope ratios as tracers. We analyze dust exported off the continent over the past 
~130ky, in order to use that fingerprint to a) characterize any potential changes in the wind belts 
between 134ky and the Holocene and b) distinguish between South American and Australian 
sources in climate archives further downstream in the Pacific. 
2. Methods  
 The ELT39-75 sediment core, collected from the side of the Lord Howe Rise in the 
Tasman Sea between Australia and New Zealand (36°29.3’ S, 161° 12.18’E, 3875m) was 
collected by the US-based Eltanin research vessel and stored wet at the Antarctic Marine 
Geology Research Facility at Florida State University. Hesse (1994) developed an age model for 
the core based on Uvergerina peregrina ∂18O and matched the record to the orbitally-tuned 
SPECMAP chronology, assuming linear accumulation rates between matched events (Hesse, 
1994). Hesse (1994) determined that the core location was out of range of terrestrial river runoff 
or bottom slumping, indicating that terrigenous material in the core was sourced by aeolian 
transport. We obtained 23 ~1cm-thick samples from intervals between ~134ky through Holocene 
(Table 1; Figure 3-4).  
We wet-sieved the samples through a 63µm nylon mesh to separate the silt-sized fraction 
from larger biogenic particles before leaching away remaining biogenic carbonate with a 
buffered (pH 5) weak acetic acid (0.25N) solution. Subsequently, we removed Fe-Mn coatings 
on the remaining mineral grains with 1M hydroxylamine hydrochloride. An aliquot of the 0-
63µm fraction was retained for separate trace element analysis, and we lypholized the remaining 
sample before separating out the <5µm fraction, which previous authors have suggested 
represents the long-distance transported aeolian material (Grousset et al., 1992; Chen et al., 
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2007). To obtain the <5µm fraction, we settled the particles through deionized water, using 
Stokes settling rate assumptions for perfectly spherical particles with density of 2.5 g cm-3 in 
25°C water. Then, we dissolved the particles using concentrated SeaStar™ hydrofluoric acid and 
double-distilled 7N nitric acid; the solution sat in an ultrasonic bath for 20-40 minutes before it 
was capped and fluxed at 150°C for >24 hours in the Lamont Doherty PicoTrace™ Ultraclean 
Laboratory. Similar aliquots of the BCR2 rock standard were prepared in parallel with samples 
in order to assure measurement quality (Jweda et al, 2015). After digestion, we performed a 
sequence of column chemistries to isolate the individual elements of interest. First, Pb (dissolved 
in 0.7N HBr) was isolated using 100µl columns filled 100-200µm Eichrom PbSpec® and eluted 
with 6N hydrochloric acid. We passed the remnant fraction, after drydown and resuspension in 
1N HNO3   solution through 100ul columns of Eichrom TRU® resin in; Rb and Sr were eluted 
with 1N HNO3, and the REE’s were subseqnetly eluted with 1N HCl. After drydown and 
resuspension in 0.22N HNO3, Nd was then separated from the REE cut by elution with the same 
acid through 800ul columns of calibrated Eichrom LN® resin (using 0.22N HNO3 eluent). The 
remaining TRU® cut was dried and resuspended in 3N HNO3, and Sr was separated from Rb and 
other alkaline earths via 30μl columns of Eichrom Sr® resin, eluting with MQ water.  
We analyzed the major element composition of the 2000x dilute 0-63µm and 0-5µm 
separates on an Agilent 720 axial ICP-OES, and trace elements on a VG PQ ExCell quadrupole 
ICP-MS, correcting for machine drift over the run. We determined concentrations using dilute 
external standards as well as a suite of digested reference rock standards. All isotope ratios were 
measured on the ThermoScientific Neptune Plus MC-ICP-MS at LDEO with solution 
concentrations of ~200 ppb for Sr and Pb and ~100 ppb for Nd. Measured ratios were corrected 
for mass fractionation in the flight tube using the Rayleigh exponential mass fractionation law, 
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using 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. In order to correct for Pb mass fractionation 
during measurement, we spiked the samples with Tl (for a final Pb/Tl ratio of ~5.4) and 
corrected the final ratios assuming a natural 203Tl/205Tl of 0.41844 and the exponential mass 
fractionation law (Thirwall, 2002). All sample measurements were bracketed by analysis of 
international reference standards: NIST 987, Jndi, and NIST 981 for Sr, Nd, and Pb, respectively. 
Sample measurements were further corrected to those standards. For Sr, a NIST 987 value of 
87Sr/86Sr = 0.710248 was used; for Nd, the Jndi 143Nd/144Nd value of 0.512115 was used (Tanaka et 
al, 2002); and for Pb, NIST 981 reference values of 206Pb/204Pb = 16.9405, 207Pb/204Pb = 15.4963, and 
208Pb/204Pb = 36.7219 were used, respectively (Galer and Abouchami, 1998). 
Repeated measurements of NIST 987 87Sr/86Sr over the course of the two runs resulted in 
average 87Sr/86Sr = 0.710247 (2σ of 0.000017, n=48) for batch 1 and 87Sr/86Sr = 0.710284 (2σ of 
0.000017, n=35). Jndi reproducibility was 143Nd/144Nd = 0.512059 (2s = 0.000008, n =60). Repeat 
measurements of NIST 981 over the course of the measurement run yielded isotope ratios of 
206Pb/204Pb = 16.9314 (2σ=  0.0009, n = 66), 207Pb/204Pb = 15.4836 (2σ= 0.0012, n= 66), 208Pb/204Pb = 
36.6696 (2σ= 0.0039, n= 66), 206Pb/207Pb = 1.0935 (2σ= 0.0001, n= 66),  and 208Pb/207Pb = 2.3683 
(2σ= 0.0001, n= 66). External reproducibility was checked against BCR-2 for all isotope 
systems. For Sr, BCR-2 87Sr/86Sr measured 0.705036 (2σ= 0.000064, n=2) for batch 1 and 
0.705012 (2se = 0.000022, n=1) for batch 2, within error of Jweda et al (2015)’s reported 87Sr/86Sr  
= 0.705000. For Nd, BCR-2 143Nd/144Nd = 0.512638 (2σ= 0.000010, n = 2) and La Jolla 143Nd/144Nd 
= 0.511855 (2σ=  0.000013, n = 4), within error of Jweda et al (2015)’s 143Nd/144Nd = 0.512637 
and 143Nd/144Nd = 0.511858, respectively. For Pb, BCR-2 measured 206Pb/204Pb = 18.7971 (2σ= 
0.0161,n=2); 207Pb/204Pb = 15.6729 (2σ= 0.0007, n=2); and 208Pb/204Pb = 38.7959 (2σ= 0.0682, n=2), 
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respectively. These are within error of values reported in Jweda et al (2015) (18.8029, 15.6240, 
and 38.8287, respectively). 
We analyzed 12 potential source area (PSA) samples of the 14 previously analyzed in 
Vallelonga et al (2010), which we grain-size separated, dissolved, and processed as described 
above; only fine-fraction (<5µm) samples were analyzed. Sample details and names are 
described in Table 2.  We also compiled a database of published PSA samples from across 
Australia that included isotope and trace element concentration data (sources are listed in Table 
3). We grouped the data geographically, by basin: LE, Murray, and Darling, and included the 
Lake Mungo samples as a separate category.  
We took two approaches to identifying the source of the ELT39.75 dust. First, we asked a 
simple question: were there particular point-sources within Australia that matched the ELT39.75 
data well? In other words, which specific PSA samples best matched the dust samples found in 
the marine sediment core—and did those follow some spatial pattern? Each ELT39.75 sample 
and PSA data point in the database has Sr, Nd, and Pb isotope data associated with it, so we 
could find the “closest match” by performing a nearest-neighbor analysis using Matlab 2016a’s 
knnsearch function (Mathworks; Natick, MA). We identified the PSA with the minimum 
Euclidian distance from each ELT39.75 sample, incorporating all isotopic dimensions. In order 
to avoid biasing the nearest-neighbor search toward the isotope systems with larger ranges of 
variability, we scaled the PSA and ELT39.75 samples to the range represented by the whole PSA 
database, by taking the highest and lowest value in each isotope system and set those to 1 and 0 
and then scaling all other datapoints to that range. 
However, it is not clear whether matching individual PSA’s or more regionally-
integrated fingerprints is a better strategy, or which better represents realistic natural processes—
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e.g. whether dust uplift and transport mixes signals from different point sources, mixing them so 
that we end up with an integrated signal downwind at the sink location. Thus, we took a second 
approach to source-identification: could the ELT39.75 samples be a mixture of two different 
sources within Australia? We calculated the means of the Sr, Nd, and Pb isotope ratios of each 
previously-identified region, using the PSA database—taking that value to represent the 
regionally-integrated signal of the different dust-producing sectors of Australia. The mixing 
calculations require concentrations (see equations 3-8, below), so we calculated or estimated 
elemental concentrations for the different regions, as well. When concentration data was 
available, we used it, calculating the mean Sr, Nd, and Pb concentrations in samples that had 
fine-fraction data reported (see Table 3 for data sources). In many cases, concentration data were 
not reported. In those situations, we used upper continental crust concentration estimates from 
Taylor and MacLennan, 1995.   
We solved a two-endmember mixing model for each of the ELT39.75 samples using 
those regional means as endmembers. The endmember mixing model can be solved with only 
one isotope system (87Sr/87Sr, for example), but we have four different systems to solve for 
(87Sr/87Sr; εNd(0); 206Pb/207Pb; and 208Pb/207Pb). As there are more equations than unknowns, we can use 
the least squares method for overdetermined systems to find the best solution.  
The model works as follows (modified from Faure, 2005). If each dust sample is a perfect 
mix of exactly two PSA endmembers, referred to here as a and b, then: 
 
(1)     𝑓$ + 𝑓&	 = 1 
and, 
(2)     𝑓& = 1 − 𝑓$ 
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Where fa is the fraction of endmember a and fb is the fraction of endmember b in the dust sample. 
For each geochemical element of interest, the concentration of the element in the dust sample 
mixture (Cm) is given by: 
 
(3)    𝐶, = 𝐶$𝑓$ + 𝐶&(1 − 𝑓$) 
 
And the isotopic ratio of that element in the mixture (Rm) is: 
 
(4)   𝑅, = 0102 𝑅$𝑓$ + 0302 𝑅&(1 − 𝑓$) 
 
For example, for Sr we can write two equations: 
(5)   [Sr], = [Sr]$𝑓$ + [Sr]&(1 − 𝑓$) 
 
(6)  8 9:	;<9:	;= >,	 = 	[9:]1[9:]2 8 9:	;<9:	;= >$ 𝑓$ 	+ 	 [9:]3[9:]2 8 9:	;<9:	;= >& (1 − 𝑓$) 
 
Rearranging these equations, we can form two linear equations of the form Y*fa = Z: 
(7)    ([Sr]$ − [Sr]&)	𝑓 = [Sr], − [Sr]& 
(8) ?[Sr]$ 8 9:	;<9:	;= >$ − [Sr]& 8 9:	;<9:	;= >&@ 𝑓$ = [Sr], 8 9:	;<9:	;= >, − [Sr]& 8 9:	;<9:	;= >& 
Similar equations can be generated for the concentrations of Nd and Pb, as well as the isotopic 
ratios eNd, 208Pb/206Pb, and 207Pb/206Pb, resulting in 7 total equations that can be used to determine the 
relative contributions of endmembers a and b (fa and fb). As there are more equations than 
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unknowns, we can use the least squares method for overdetermined systems to estimate the value 
of fa from two matrices Y and Z: 
(9)    Y = A𝑌C⋮𝑌EF,  Z =A𝑍C⋮𝑍EF 
 where 
(10)     Y fa = Z 
 
Then fa can be solved for by: 
 
(11)     𝑓$ = (𝒀I𝒀)JC(𝒀I𝒁) 
 
For each ELT39.75 dust sample (the <5μm size fraction), Eq. 11 was solved for all possible 
combinations of two- endmember mixing. Additionally, the mean square error (MSE) for each 
endmember combination was calculated based on the resulting fa value from Eq. 11; the 
combination of endmembers (and associated mixing fractions fa and fb) with the lowest MSE for 
each dust sample was chosen as the “best fit” for that sample. The concentration and isotopic 
ratio equations were weighted equally in the MSE calculations. 
Thorium and uranium isotope concentrations were measured in core ELT39.75 using 
isotope dilution inductively coupled plasma mass spectrometry (ICP-MS) at the Lamont-Doherty 
Earth Observatory of Columbia University. Sample aliquots of 100 mg were spiked with 229Th 
and 236U, digested in inorganic acids, and chromatographically separated following the methods 
described by Fleischer and Anderson (2003). Sedimentary concentrations of 230ThXS are determined 
by correcting total 230Th for its terrigenous component and for authigenic ingrowth from in situ U 
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decay (e.g., Francois et al., 2004). Resulting values are then adjusted for the decay of 230ThXS itself 
(75.7 ka half-life) using the sediment sample age. 
Replicate analyses of the VOICE Internal MegaStandard (VIMS) were measured in 
conjunction with the ELT39.75 samples and yielded results within 3% of previously published 
values (Costa and McManus, 2017).  
Bulk sediment accumulation rates derived from 230Thxs (230ThΦsed) were computed using the 
following equation: 
(12) 
𝛷MNOIP QRS = 𝛽 ∗ z[230ThXS_0] 
 
Where β is the seawater 230Th production rate of 2.555 x 10-5 dpm/cm3 ka, z is the height of 
the water column above the core location, and [230Thxs_0] is the 230Thxs concentration of each 
sample at the time of deposition in dpm/g.  
3. Results 
3a. Grain size effects on geochemistry: sediment core 
All lithogenic grains in the core are expected to be of aeolian origin (Hesse, 1994). The 
core site is located ~1500-2500km away from the potential source regions, far enough that 
aeolian processes are likely to winnow out the majority of larger grains (<20um, Sun et al, 1995), 
but under particular uplift and transport conditions, particles <5um in diameter could remain in 
suspension long enough to arrive at the core (e.g. Tsoar and Pye, 1987; Mahowald et al, 2014; 
Albani et al, 2014; Ryder et al., 2013).  
Several previous studies have found significant differences in isotope and trace element 
geochemistry in different size-separated fractions of the same sample (Koffman et al, in prep; 
  113 
Meyer et al, 2011; Gaiero, 2007). Here, we find the fine fraction of the Tasman Sea samples 
(<5µm size class) sediments have 87Sr/86Sr mean of 0.715490 (2σ = 0.001359, n = 22) and are on 
average 0.000667 higher than bulk 87Sr/86Sr (0.714824, 2σ = 0.000966, n = 21)—a smaller offset 
than the 0.0027 reported for South American PSA samples in Gaiero et al, (2007) (Figure 3-5.). 
No similar consistent offset is observed for εNd(0) or 206Pb/207Pb ratios. These offsets are generally 
small in comparison to the variations observed between PSA samples, described below—the 
87Sr/86Sr grain size difference, for example, is ~2% of the difference between the LE and Murray 
regional means, though the difference between LE and Darling 87Sr/86Sr means is only 0.000912—
so the grain size offset matters more when considering Sr difference between these PSA’s.  
 
Figure 3-5. Isotope ratio differences between the 0-63um size fraction (left) and the 0-5um size 
fraction (right) of all sediment core samples. Offsets are observed in the 87Sr/86Sr isotope system 
(a) but the difference is within uncertainty and less than observed in previous studies (e.g. 
Gaiero, 2007). 
 
3b. PSA analyses: comparison with previously-published results  
 We report 87Sr/86Sr, εNd(0),  206Pb/207Pb, and  208Pb/207Pb for the fine-fraction of 12 PSA’s 
collected by Vallelonga et al (2010) (Table 2). Previously, Pb isotope ratios have been reported 
only for the bulk fraction for these samples. Vallelonga et al (2010) performed two different 
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treatments on the bulk samples before measuring: an HNO3 leach and an HF digestion. The HF 
digestion protocol more closely matches the LDEO processing. When paired, the LDEO-
measured fine-fraction samples are almost always higher in both Pb isotope ratios than 
Vallelonga et al (2010)’s bulk “digested” samples (mean LDEO 206Pb/207Pb = 1.209; mean Val-
digested 206Pb/207Pb = 1.204; Δ fine-bulk 206Pb/207Pb = 0.005; 2σ Δ fine-bulk = 0.0135;  mean LDEO 208Pb/207Pb = 















Figure 3-6. a) Paired samples of LDEO-measured samples (fine fraction) and Vallelonga et al, 
2010. Vallelonga’s “extracted” samples, which were treated with a weak HNO3 leach before 
anaylsis (small dark blue squares), do not overlap with the “digested” treatments from that same 
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work or LDEO (blue triangles and red circles, respectively). Lines connect matched pairs of the 
LDEO and Vallelonga “digested” samples, indicating that offsets exist between these samples. 
Part of that offset can be attributed to grain size (b); the <5μm size fraction, measured at LDEO, 
is almost always higher in both isotope ratios than the bulk, though the offset is variable. LDEO 
errors are all smaller than the symbol sizes in both a) and b). 
 
In Sr and Nd, these PSA samples are comparable to previously-reported PSA samples 
from the LE basin, which is primarily where the samples were collected (Table 2; Figure 3-7). 
Mean 87Sr/86Sr for LEB is 0.710325 (2σ = 0.0010, n = 9) and εNd(0) = -3.63 (2σ=  1.3857, n = 9). 
Two samples come from the Lake Frome region, the Flinders range, where some influence of the 
older craton skews the mean εNd(0) lower and 87Sr/86Sr ratios higher than the nearby LEB (εNd(0) -
9.05 to -9.21, 2σ= 0.23, n =2) ;  87Sr/86Sr 0.718131 to 0.720905, 2σ= 0.003923, n=3). Technically, 
the samples are within the Lake Eyre catchment, but are geochemically distinct. The Lake 
Mungo samples, also from this dataset, and are lower in εNd(0)  and higher in 87Sr/86Sr  than the LEB 
PSA’s (εNd(0) = -5.60 to -8.90, 2σ= 4.65, n =2; 87Sr/86Sr = 0.714434 to 0.717398, 2σ= 0.001038, n = 
3).  
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Figure 3-7. Most of the samples collected by Vallelonga et al (2010) and re-measured for Sr, Nd, 
and Pb isotopes in the fine fraction were collected from the Lake Eyre Basin. a) shows the whole 
regional PSA dataset and b) adds in the LDEO newly-reported PSA data (red circles), which 
maps closely on top of the previously-published PSA data from the LEB (green). The samples 
with lower εNd(0) are from Brachina Gorge, in the Flinders range near the southernmost edge of 
the LEB; and Lake Mungo. Error ellipses are drawn around each region, centered at the mean 
and extending one standard deviation of the mean of the sample distribution along major and 
minor axes.  
 
3c. Dust flux changes 
 Dust fluxes, constrained using the 232Th accumulation rates in sediment core ELT39.75, 
decrease by a factor of ~2 across the MIS6-MIS5 transition, from high fluxes of 5.8-7.0 μg cm-2 
ky-1 between 129-134ky to 3.4 μg cm-2 ky-1 at 120ky (Figure 3-8, Table 1). Fluxes are lowest 
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(averaging 3.7 and 3.5 μg cm-2 ky-1, respectively) during MIS 5 and the Holocene, and range 
between 3.7-5.0 g cm-2 ky-1 throughout MIS 2, 3, and 4.  
3d. Temporal patterns in radiogenic isotope signatures of dust from ELT39.75 
 87Sr/86Sr ratios range between 0.713898 - 0.715702 in the bulk fraction and between 
0.714205 - 0.716898 ( D sample = 0.0067) in the <5um fraction (Figure 3-8b; Table 1). The range is 
Dsample = 0.001804 (where D sample = maximum sample 87Sr/86Sr ratio - minimum sample 87Sr/86Sr ratio) 
for the <5um fraction, and D sample = 0.002693 for the bulk samples.  In comparison, the range of 
reported D 87Sr/86Sr for all Australian PSA samples is 0.0672, more than an order of magnitude 
higher.  
In fine-fraction, eNd(0) shifts between -5.34 (± 0.18) and -6.26 (± 0.24), with one outlier 
(eNd= 0.29, ± 0.01, from 31) (Figure 3-8c,d). In the bulk fraction, there are two outliers (eNd(0) = 
-0.22, ± 0.11, at 32.4ky and 1.12, ± 0.39, at 129ky) that punctuate the record. Excluding the 
outliers, the eNd(0) variance is minimal, with the total change across the record no greater than 
measurement uncertainty for most of the samples. However, the outliers are well outside of that 
range. The first, at 32.4ky, occurs in both bulk and fine fractions; the second is observed only in 
the bulk fraction, indicating a) potential contamination or b) some unusual signature carried in a 
large particle that drowned out the remainder of the isotope signal. 
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Figure 3-8. 232Th fluxes, and the bulk and fine fraction isotope data for the time series at the 
ELT39.75 core, with 2σ errorbars. The bulk fraction is in dark red (stippled) and the fine fraction 
is in orange (See grain size offset discussion for further investigation of grain size effects.) Panel 
show the different isotope records over the time period investigated, with 2σ error.  a) 232Th 
fluxes change by a factor of ~2 across major climate transitions, while the isotope signals do not 
vary coherently across time, as in b). The outliers are notable in eNd(0) , as seen in c) and with a 
tighter y-axis in d), similarly to the 206Pb/207Pb record (e and f). The outliers are equally 
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dominant in h) 206Pb/204Pb, but less apparent in g) 208Pb/207Pb, suggesting that the unusual signal 
is most dominant in 206Pb and 207Pb. For the most part, the bulk and fine fraction samples track 
each other closely and vary little, outside of the outliers, over the ~134ky record.  
 
There are three outliers in the Pb <5um isotope record. One, at 32.4ky, is also observed in 
the bulk, and corresponds with the fine/bulk eNd(o) outlier (206Pb/207 Pb = 1.2128 ± 0.00003 and 
208Pb/207 Pb = 2.4869 ± 0.0001   for the bulk fraction; 206Pb/207 Pb =  1.2127 0.00004  and  208Pb/207 Pb = 
2.4857 ± 0.0001 for the fine fraction ). The outliers are observed in both fine and bulk samples, 
suggesting that the excursion is either a real signal, or that potential contamination occurred prior 
to grain size separation. The other fine-fraction outliers, from 71.2ky and 133.8ky, do not have 
similar excursions in the other isotope systems (206Pb/207 Pb = 1.2118 ± 0.0001   and 208Pb/207 Pb = 
2.4862 ± 0.00004; and 206Pb/207 Pb = 1.2111 ± 0.00004   and 208Pb/207 Pb = 2.4886 ± 0.0001). The 
excursion is clearest in the 206Pb/207Pb and 206Pb/204Pb records: for the 71.2ky sample, the outliers is 
0.0066 and 0.1179 higher than the mean of the rest of the data cloud, respectively. In 208Pb/207Pb, 
the difference is only 0.0018. These excursions are smaller than the difference between regional 
means: the 206Pb/207Pb difference between the means of the Lake Eyre and Murray region samples 
is 0.0264, 4x the 0.0066 outlier distance of the 71.2ky sample from the mean of the ELT39.75 
distribution, but still within the 2sd range of the distributions.  
Except for the outliers, the Pb records show little change across the ~134ky-long record, 
with 206Pb/207Pb falling between 1.2035 and 1.2062 (2σ=  = 0.0014, n = 19) and 208Pb/207Pb between 
2.4820 and 2.4865 (2σ=  = 0.0020, n = 19). The minimal variability in the record stands in stark 
contrast to precipitation, temperature, and lake level records from other locations in southern and 
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southeastern Australia, which show dramatic change and long-term drying from ~150ky through 
the present (Figure 3-9). 
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Figure 3-9. The ELT39.75 record, contextualized. The top two panels show records from the 
MD03-2607 sediment core (see Figure 3-1 for location). A) the TEX86 sea surface temperature 
record (panel a) records changes of >10 °C over the time period studied (Lopes dos Santos et al, 
2013). Panel b) shows the eNd(0)  record of particulate riverine input to the MD03-2607 core, 
indicating the relative contribution of runoff from the Murray river (more negative eNd(0) values) 
and the Darling river (more positive eNd(0)  values) (Bayon et al, 2017). The riverine runoff 
record is highly influenced by hydrologic conditions in the respective basins; though not directly 
comparable to the aeolian record observed in ELT39.75, it reflects conditions that affect dust 
production in key source regions. The scale of change is nearly an order of magnitude larger than 
that observed in the ELT39.75 core (the ELT39.75 range is represented by the maroon horizontal 
bar) and reflects major shifts in the hydrologic balance of the region. C) shows the εNd(0) record 
from ELT39.75, which varies only within error over the time period analyzed. D) shows the 
232Th flux, showing lower dust fluxes during warmer periods, and e) shows the EPICA Dome C 
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dust flux record from East Antarctica (note the inverted y-axis in both d) and e), where dustier 
periods are lower on the page) 
  
Figure 3-10. Same as Figure 3-9, but with lake level records from southeastern Australia in panel 
(e). Lake heights decrease over the interval shown, but the timing varies at different sites. Lake 
Eyre (light green) experiences a major size reduction at ~60 ky (Magee et al, 2004), while Lake 
Frome (dark green, solid and dashed lines) appears to begin decreasing in size slightly earlier 
(Cohen et al 2011; Cohen et al 2012). Lake Mungo (peach) records extend only to MIS 3 but 
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show intense lake-size fluctuation between 40-50ky and the subsequent drying trend observed in 
the other lake systems (Bowler et al, 2012).  
 
3e. Regional “fingerprint” identification and matching with Tasman Sea core 
The regions—Lake Eyre, Murray, and Darling--can be differentiated by using multiple 
isotopic measurements simultaneously (when multi-dimensional data exist-- the subset of 
samples reported in the literature for which this is true is small). For example, LE and Darling 
basin samples overlap in eNd(0) (Figure 3-2a), but when three isotope systems are plotted 
simultaneously, the regional data groupings sit in distinct isotopic spaces (Figure 3-2b-e). Means 
and standard deviations of the three basins are reported in Table 4.  The ellipses (2D) and 
ellipsoids (3D) on Figure 3-2 are generated using the means and covariance matrices of the Sr, 
Nd, and both Pb ratios of the PSA sample distributions from each of the regional datasets (LE, 
Murray, and Darling). The ellipses/ellipsoids are centered at the mean of the regional 
distributions, and the major and minor axes extend 1 standard deviation out from that mean in 
each dimension. Measurement error is not weighted. The datasets are limited to those PSA’s that 
include data in all dimensions—incomplete PSA’s (with only 87Sr/86Sr reported, for example) are 
not included.  
We compare the ELT39.75 fingerprint data to the Australian regional means and 1s  
envelopes around those means, as well as with individual PSA fingerprints, in order to find the 
best solution to describe the potential sources of the ELT39.75 dust. The data from ELT39.75 are 
tightly distributed in comparison with the PSA source distribution, as discussed above. They sit 
in a unique isotopic space that does not overlap with any of the regional 1s  distribution 
envelopes of the regions of interest. They are close to the LE field (Figure 3-11 b-e) but are 
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slightly offset in both 87Sr/86Sr and 208Pb/207Pb, and significantly offset by ~1.5 εNd(0). The ELT39.75 
samples are even farther offset from the Murray and Darling means in all isotope systems 
(Figure 3-11).  
 
Figure 3-11. PSA’s plotted as in Figure 3- 2, but with ELT39.75 data included (maroon stars). 
The data cluster tightly and are offset from all of the regional PSA groupings except for the Lake 
Mungo points (peach circles). They are higher in 206Pb/207Pb and 208Pb/207Pb ratios than nearly all 
of the individual PSA datapoint (b, c).  
 
Using the ‘direct match’ approach and using all available data (87Sr/86Sr, εNd(0), and 
206Pb/207Pb, and 208Pb/207Pb ratios), the closest matches to 22 out of the 23 ELT39.75 samples come 
from a sample from Lake Mungo, in the Willandra Lakes region of the Murray River basin 
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(Table 5; Figure 3-12). If only 87Sr/86Sr and εNd(0) are used, the solution set expands, emphasizing 
the value of Pb isotopes in differentiating PSA regions in areas where 87Sr/86Sr εNd(0) data alone do 
not clearly distinguish regions. When the 4-D dataset is used, the outlier—from 32.4ky—
matches best with a sample from Macintire, from the lower reaches of the Darling River, less 
than a few hundred km Lake Mungo (DeDeckker et al, 2010; Gingele and DeDeckker, 2005). If 
the 3-D (87Sr/86Sr, εNd(0), and either Pb isotope pair; or εNd(0), 206Pb/207Pb, and 208Pb/207Pb) or 2-D 
(87Sr/86Sr, εNd(0)  sets are used, the outlier matches to Warrego, on the upper reaches of the Darling 
(Table 5). The Warrego PSA, as noted previously, is unusual, lower by several εNd(0) units from 
all other samples in its immediate proximity. 
 
Figure 3-12. Location of the best direct matches for the ELT39.75 samples come from the Lake 
Mungo region for 22 of the 23 samples, and from nearby locations for the outlier (black 
triangles). In a), the location determined by the 4-dimensional solutions (87Sr/86Sr, εNd(0), and 
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206Pb/207Pb, and 208Pb/207Pb ratios) are shown; in b), a slightly less restrictive solution ((87Sr/86Sr, 
εNd(0), and 208Pb/207Pb) gives a similar geographic result.  
 
It is important to note that the Tasman Sea samples are higher in both 208Pb/207Pb and 
206Pb/207Pb than nearly all the reported fine-fraction PSA samples (Figure 3-11b-c), while they fall 
squarely in the middle of the εNd(0) and 87Sr/86Sr distributions (Figure 3-11d). They are also higher 
in 208Pb/204Pb and 206Pb/204Pb, precluding the possibility that the differentiating signal exists in 207Pb 
alone (Figure 3-13 c-d). The only data in the whole Australian dataset (for both bulk and fine-
fraction samples) that sit higher in both 208Pb/207Pb and 206Pb/207Pb than the TS data come from Lake 
Mungo; in the bulk, the Flinders Range samples discussed previously are higher in 208Pb/207Pb than 
the TS samples, but lower in εNd(0), excluding them as a match.   
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Figure 3-13, The Tasman Sea data are higher in all Pb isotope ratios--208Pb/207Pb, 206Pb/207Pb 
(panels a and b), 208Pb/204Pb, and 206Pb/204Pb (panels c and d) than nearly any of the PSA’s 
besides Lake Mungo. The signal is consistent across all isotope ratio pairs, precluding the 
possibility that one isotope is biased or skewed.  
 
We use the mean regional values of Lake Eyre (LEB), Murray, Darling, and Lake Mungo 
(LM), as well as the Lake Mungo best direct match (LM-MATCH) to calculate mixing solutions 
that best describe the ELT39.75 distribution, as described above. When all four variable are used 
87Sr/86Sr, εNd(0), 208Pb/207Pb, and 206Pb/207Pb as model variables (equally weighted); the model predicts 
that Lake Mungo dust (either mean or direct match) provides between 18-91% of the dust to 
ELT39.75 for most of the record, with an average contribution of 71% (Figure 3-14, 15; Table 
6).  The remainder is usually sourced from the LEB. At three points (133.8, 81.2, and 71.2 ky) 
the model suggests that the Darling basin mixes with LM. And at three other points late in the 
record (32.4 ky—the outlier—18.4, and 13.6ky) the model suggests that the Darling Basin 
provide 75-93% of the dust, with the remainder sourced from the LEB.  
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Figure 3-14. The relative contribution of different dust sources to ELT39.75 changes over time, 
though the dominant source throughout the record is the Lake Mungo region. The LEB and the 
Darling basins also contribute, sometimes heavily (up to 93% of the total dust load), according to 
the 4D mixing model. No consistent changes occur across the record, though, even as dust fluxes 
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Figure 3-15. Mixing solutions, using regional means as endmembers. No mixing solution passes 
directly through the cloud of ELT39.75 points, but minimizing the least-squares difference 
between the means and the sample values shows that a combination of Lake Mungo and Lake 
Eyre comes close to the cloud of points. The outlier (32.4ky) can best be described by a 
combination of Lake Eyre dust and the Darling mean value.   
 
4. Discussion 
Dramatic changes in Australian climate occurred over the past ~134ky, but the 
fingerprints of the aeolian material deposited in the ELT39.75 sediment core in the central 
Tasman Sea are remarkably invariant, with the Lake Mungo region acting as the primary source 
region throughout our record.  Over this period, lake levels rise and fall by up to 30 m in some 
dust-producing regions—following an overall drying trend but punctuated by strong climate 
variability on centennial and millennial timescales (Figure 3-9, 3-10). Mean annual air 
temperatures varied by more than ~9 °C in some of the dust source regions over the last glacial 
cycle alone (e.g. Chang et al, 2015; Miller et al, 2016). Humans arrive on the continent; major 
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vegetation changes sweep across the southeastern regions; and other significant shifts in climate 
boundary conditions occur (e.g. Miller et al, 2012). Nonetheless, it appears that dust deposited in 
the ELT39.75 sediment core was derived from the Lake Mungo region over the last ~134 ka 
(Figure 3-11, 12).  
Although the dust source region does not change through our record, dust flux from 
ELT39.75 appears to shift in response to changing climate conditions concert with records from 
across the Southern Hemisphere (Figure 3-10), suggesting that the Australian dust system is 
sensitive to changes in major climatic boundary conditions. Similarly, Hesse (1994) and 
Kawahata et al. (2002) both used N-S marine sediment core transects from the Tasman Sea to 
track latitudinal changes in dust flux over the past glacial cycle, observing slight increases in 
aeolian mass accumulation rates during cold stages in cores farther north in the transects. Both 
interpreted those latitudinal shifts as evidence of northward expansion of the equatorward edge 
of the wind belts, with dust flux increases representing drier conditions farther north in to central 
Australia and transport pathways shifted northwards as well. Additionally, DeDeckker et al 
(2012) reports a southward shift in the position of the marine subtropical front at ~18ky, during 
the most recent deglaciation, and ascribes the change to a poleward movement of the westerly 
wind belt.  
Collectively, these records suggest that northern edge of the westerlies expand northward 
in cold stages. Therefore, dust-carrying storm systems from the Australian continent might be 
expected to extend farther north in cold stages. If the northern edge of the wind belt had moved 
north, we would expect to see a provenance change at ELT39.75 as climate changes—e.g. across 
the transitions from MIS6-5 and then back into the colder stages, and across MIS2-1. Likely, 
manifesting as a change from our Lake Mungo signal to a more northerly signal such as the 
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Darling basin’s more positive εNd(0) and lower 87Sr/86Sr ratios (Table 4).  However, these changes 
do not appear in the record: the dust source signature at ELT39.75 remains consistent over the 
past glacial cycle (within error, and with outlier exceptions). 
In contrast, previous analyses of Australian dust have recorded source changes across 
major climate transitions. Petherick et al (2009), investigating provenance at site in coastal 
northeastern Australia, found millennial-scale shifts in the source region from 25 ky through the 
Holocene. They identify the downriver sector of the Murray-Darling as the primary source 
during the LGM, with the source shifting more toward the Lake Eyre/Lake Frome basin region 
during the deglacial period, and back to the MD basin by the late Holocene (Petherick et al, 
2009). At a site in New Zealand, to the southeast of the Tasman Sea core, Marx and Kamber 
(2009) identify the Murray and Darling regions as the primary source of dust during the mid-
Holocene (7.8-4.5ky), with the Lake Eyre basin resuming activity and dominance during the late 
Holocene. The suggested source area shifts are on the order of ~2-3° in latitude, similar to the 
suggested changes in westerly northward migration (e.g. Hesse, 1994; Kohfeld et al, 2013). 
However, the authors note that changes in aridity patterns within potential source regions are 
more likely to have driven observed changes than air-mass trajectory changes. 
There is strong evidence that the hydrologic activity within the potential source region 
has varied dramatically over the past glacial cycle, theoretically changing the dust availability in 
the regions.  Marine sediment core MD03-2607, from between the southern coast of Australia 
and Tasmania, near the mouth of the Murray and Darling rivers, records ~10 °C sea surface 
temperature changes (Figure 3-9,10 a) (Lopes dos Santos et al, 2013) in tandem with major shifts 
in runoff contributions from the Murray and Darling rivers, recorded by εNd(0) signatures of the 
river sediment deposited in the core (Bayon et al, 2017), When the εNd(0) record skews more 
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positive, they interpret a larger relative contribution from the Darling River, and by extension 
southward excursions of the ITCZ and more active monsoonally-driven rainfall in that farther-
north region. And when the record skews more negative, rainfall increased in Murray River 
headwaters, which are primarily fed by westerly-embedded storms. The observed εNd(0) are an 
order of magnitude larger than those observed in this work, indicating that major changes in river 
conditions are occurring in the basins—at the exact time when the ELT39.75 record shows little 
or no change in signal.  
Either the source was consistent throughout the record—as suggested by the “direct 
matching” solutions (Figure 3-12)—or it changed erratically when it changed at all—as 
suggested by the mixing-model solutions (Figure 3-14, 3-15). These results suggest that either 
the transport pathways did not move significantly, as previously hypothesized, or the site is 
insensitive to the kinds of subtle changes that may be occurring. 
There are several reasons why this signal may not be recorded at the ELT39.75 site. First, 
it is possible that the Lake Mungo site is simply a very productive, consistently active dust 
source that dominates regional dust production and export across different climate conditions, 
drowning out signals from other sources or acting as the only major source. The lake and 
surrounding region underwent drastic changes in hydrology over at least the past 60ky 
(Fitzsimmons et al, 2014); sites with active hydrological changes are often productive dust 
sources in both dry and wet phases. Dune systems downwind of Lake Mungo record evidence of 
extensive sediment exhumation during dry periods (Bowler et al, 2012; Fitzsimmons et al, 2014), 
and these dunes may have also served as potential sediment sources in other periods. Second, it 
is possible that even if the extent of the wind belt moves northward, the path of transport 
between source (Lake Mungo) and sink (ELT39.75) is relatively unaffected. Dust from farther 
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north may just get deposited farther north. Third, the long time-integration of the ELT39.75 
samples, unavoidable because of the low accumulation rate within the core, may mask more 
subtle changes in source such as those observed in Petherick et al (2009) or Marx and Kamber 
(2009). 
 The consistent signature of the Australian dust fingerprint over the last glacial cycle is 
convenient for interpretations of the relative contribution of Australian dust to downwind climate 
archives, such as sediment cores in the Pacific (Wengler et al, in prep) or Antarctic ice cores 
(Borunda et al, in prep; Revel-Rolland et al, 2006; Vallelonga et al, 2010).  With a consistent 
signature of Australian dust, simple endmember mixing models can be used to identify and 
quantify the fraction of Australian dust delivered via long-distance transport pathways. 
5. Conclusions 
We characterized the flux and geochemical “fingerprint” of Australian dust over the last 
glacial cycle at a core site in middle of the modern dust plume, in the Tasman Sea. We found that 
the fluxes vary in concert with major changes in global and hemispheric climate, while the 
geochemical fingerprints remain invariant across those periods of change. The lack of signal is 
unlikely to directly reflect aridity conditions in the source region and suggests—but does not 
confirm—that the position of the northern edge of the mid-latitude westerly wind band did not 
move over the last glacial cycle. The remaining questions about how and why the signal remains 
constant over time could be addressed by investigating provenance along a latitudinal transect, or 
by looking at records with a higher temporal resolution. However, the invariant signature of 
Australian dust is useful for ascertaining the Australian contribution to downwind dust 
deposition in the Pacific and beyond, because a single endmember value can be assigned to the 
Australian source back across the past ~134ky. 
 





Table 3-1. Sample information, concentration, and isotope ratios for the ELT39.75 Tasman Sea 
samples. Top panel shows results for the 0-63μm grain size fraction, and the bottom show results 







Isotope Sample ID--Th 
Core depth Age, years 
bp Sr conc (ppm)






232Th flux, μg cm-2 
ky-1   
232Th 2σ
ELT_2_BULK ELT39-01 2-3 cm 8150 49.1 0.714719 0.000023 9.7 0.512366 0.000009 -5.30 0.18 8.6 2.4820 0.0001 1.20349 0.00004 n/a n/a
ELT_5_BULK ELT39-02 5-6 cm 11450 58.1 0.714197 0.000022 9.1 0.512346 0.000009 -5.69 0.18 7.6 2.4832 0.0001 1.20406 0.00004 n/a n/a
ELT_7_BULK ELT39-03 7-8 cm 13652 59.7 0.714533 0.000022 9.2 0.512335 0.000009 -5.91 0.17 8.0 2.4846 0.0001 1.20480 0.00004 n/a n/a
ELT_8_BULK ELT39-04 8-9 cm 14739 62.1 0.714284 0.000023 10.3 0.512342 0.000009 -5.76 0.18 9.2 2.4825 0.0001 1.20312 0.00004 n/a n/a
ELT_11_BULK ELT39-05 11-13 cm 18426 63.2 0.714728 0.000022 9.8 0.512315 0.000009 -6.30 0.18 8.4 2.4860 0.0001 1.20587 0.00004 n/a n/a
ELT_!6_BULK ELT39-06 16-17 cm 23971 59.9 0.714883 0.000022 10.2 0.512330 0.000009 -6.00 0.17 10.0 2.4842 0.0001 1.20474 0.00004 n/a n/a
ELT_17_BULK ELT39-07 17-18 cm 25576 62.1 0.714841 0.000022 10.2 0.512333 0.000009 -5.96 0.18 9.5 2.4853 0.0001 1.20547 0.00004 n/a n/a
ELT_20_BULK ELT39-08 20-21 cm 32400 55.0 0.714412 0.000023 9.2 0.512627 0.000013 -6.00 0.26 8.1 2.4869 0.0001 1.21283 0.00003 n/a n/a
ELT_22_BULK ELT39-09 22-25 cm 40260 55.8 0.715288 0.000022 9.5 0.512330 0.000009 -0.22 0.18 8.6 2.4857 0.0001 1.20598 0.00004 n/a n/a
ELT_25_BULK ELT39-10 25-26 cm 45394 58.9 0.714119 0.000022 9.1 0.512322 0.000009 -6.16 0.17 7.9 2.4841 0.0001 1.20508 0.00004 n/a n/a
ELT_27_BULK ELT39-11 27-28 cm 50343 67.3 0.713898 0.000022 9.8 0.512330 0.000009 -6.01 0.17 8.9 2.4846 0.0001 1.20515 0.00004 n/a n/a
ELT_29_BULK ELT39-12 29-30 cm 54842 59.4 0.714875 0.000022 9.8 0.512318 0.000009 -6.25 0.17 8.3 2.4861 0.0001 1.20595 0.00004 n/a n/a
ELT_31_BULK ELT39-13 31-32 cm 58977 53.5 0.715125 0.000023 9.8 0.512332 0.000009 -5.98 0.18 8.2 2.4857 0.0001 1.20556 0.00004 n/a n/a
ELT_35_BULK ELT39-14 35-36 cm 65288 49.9 0.715571 0.000022 9.2 0.512316 0.000009 -6.28 0.17 8.4 2.4857 0.0001 1.20582 0.00004 n/a n/a
ELT_36_BULK ELT39-15 36-37 cm 66507 44.6 0.715379 0.000022 9.1 0.512319 0.000009 -6.23 0.17 7.5 2.4849 0.0001 1.20531 0.00003 n/a n/a
ELT_41_BULK ELT39-16 40-41 cm 71206 52.4 0.714854 0.000023 9.8 0.512340 0.000009 -5.82 0.17 8.3 2.4871 0.0001 1.21192 0.00004 n/a n/a
ELT_45_BULK ELT39-17 45-46 cm 76400 59.8 0.714552 0.000023 10.4 0.512325 0.000009 -6.27 0.17 8.1 2.4855 0.0001 1.20556 0.00004 n/a n/a
ELT_50_BULK ELT39-18 50-51 cm 81200 57.0 0.715702 0.000022 10.7 0.512354 0.000011 -5.53 0.21 8.3 2.4855 0.0001 1.20577 0.00004 n/a n/a
ELT_87_BULK JLM_UE_201 87-88 cm 116830 46.5 0.715382 0.000023 9.0 0.512335 0.000009 -5.91 0.18 7.3 2.4867 0.0001 1.20637 0.00004 n/a n/a
ELT_90_BULK JLM_UE_202 90-91 cm 119819 54.8 0.714930 0.000023 10.6 0.512321 0.000009 -6.18 0.17 8.4 2.4861 0.0001 1.20628 0.00004 n/a n/a
ELT_110_BULK JLM_UE_203 110-111 cm 129125 62.5 0.714595 0.000022 9.7 0.512695 0.000012 1.12 0.24 9.1 2.4850 0.0001 1.20516 0.00004 n/a n/a
ELT_115_BULK JLM_UE_205 115-116 cm 131500 64.8 0.715258 0.000022 10.4 0.512334 0.000009 -5.94 0.18 9.3 2.4869 0.0001 1.20606 0.00004 n/a n/a
ELT_120_BULK JLM_UE_204 120-121 cm 133869 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
ELT_2_FINE ELT39-01 2-3 cm 8150 150.3 0.714834 0.000023 22.0 0.512364 0.000009 -5.34 0.17 24.6 2.4820 0.0001 1.20348 0.00004 2.87 0.10
ELT_5_FINE ELT39-02 5-6 cm 11450 143.2 0.715906 0.000023 17.0 0.512345 0.000009 -5.71 0.17 16.8 2.4842 0.0001 1.20498 0.00004 3.46 0.12
ELT_7_FINE ELT39-03 7-8 cm 13652 125.4 0.715352 0.000022 14.9 0.512348 0.000009 -5.65 0.18 17.2 2.4837 0.0001 1.20478 0.00004 3.68 0.12
ELT_8_FINE ELT39-04 8-9 cm 14739 135.0 0.715344 0.000022 16.0 0.512331 0.000009 -5.98 0.17 17.8 2.4825 0.0001 1.20353 0.00004 3.92 0.13
ELT_11_FINE ELT39-05 11-13 cm 18426 118.7 0.715036 0.000023 14.6 0.512344 0.000009 -5.74 0.17 16.8 2.4842 0.0001 1.20533 0.00004 4.37 0.15
ELT_!6_FINE ELT39-06 16-17 cm 23971 123.7 0.716051 0.000021 18.6 0.512344 0.000009 -5.74 0.17 21.2 2.4834 0.0001 1.20520 0.00004 4.49 0.15
ELT_17_FINE ELT39-07 17-18 cm 25576 138.2 0.714517 0.000023 19.2 0.512335 0.000009 -5.92 0.17 20.3 2.4838 0.0001 1.20517 0.00004 4.09 0.14
ELT_20_FINE ELT39-08 20-21 cm 32400 131.4 0.714205 0.000023 17.8 0.512653 0.000010 0.29 0.19 19.9 2.4857 0.0001 1.21268 0.00004 3.84 0.13
ELT_22_FINE ELT39-09 22-25 cm 40260 128.2 0.715525 0.000022 17.8 0.512341 0.000010 -5.80 0.19 19.2 2.4852 0.0001 1.20574 0.00004 3.68 0.13
ELT_25_FINE ELT39-10 25-26 cm 45394 148.2 0.715389 0.000023 18.6 0.512338 0.000009 -5.85 0.18 19.6 2.4845 0.0001 1.20548 0.00004 4.46 0.16
ELT_27_FINE ELT39-11 27-28 cm 50343 159.4 0.716676 0.000023 18.3 0.512317 0.000009 -6.26 0.17 19.6 2.4847 0.0001 1.20533 0.00004 4.46 0.16
ELT_29_FINE ELT39-12 29-30 cm 54842 132.8 0.716133 0.000023 18.9 0.512317 0.000009 -6.26 0.18 18.5 2.4852 0.0001 1.20575 0.00004 4.32 0.15
ELT_31_FINE ELT39-13 31-32 cm 58977 127.9 0.715260 0.000023 16.5 0.512322 0.000009 -6.16 0.18 18.3 2.4844 0.0001 1.20551 0.00004 4.68 0.17
ELT_35_FINE ELT39-14 35-36 cm 65288 132.6 0.715421 0.000021 19.2 0.512318 0.000009 -6.25 0.17 21.5 2.4852 0.0001 1.20565 0.00004 4.66 0.17
ELT_36_FINE ELT39-15 36-37 cm 66507 120.8 0.716725 0.000022 16.9 0.512330 0.000009 -6.01 0.17 20.2 2.4842 0.0001 1.20494 0.00004 5.00 0.18
ELT_41_FINE ELT39-16 40-41 cm 71206 120.2 0.715612 0.000023 15.9 0.512323 0.000009 -6.15 0.17 18.0 2.4862 0.0001 1.21183 0.00004 4.78 0.17
ELT_45_FINE ELT39-17 45-46 cm 76400 136.7 0.715249 0.000023 16.5 0.512325 0.000009 -6.10 0.17 18.3 2.4844 0.0001 1.20537 0.00004 4.03 0.15
ELT_50_FINE ELT39-18 50-51 cm 81200 109.2 0.715105 0.000022 16.2 0.512332 0.000009 -5.96 0.18 16.8 2.4846 0.0001 1.20567 0.00004 3.74 0.14
ELT_87_FINE JLM_UE_201 87-88 cm 116830 130.2 0.715802 0.000022 18.8 0.512342 0.000010 -5.77 0.19 18.6 2.4846 0.0001 1.20567 0.00004 3.72 0.15
ELT_90_FINE JLM_UE_202 90-91 cm 119819 133.5 0.716898 0.000023 17.2 0.512348 0.000009 -5.66 0.17 18.6 2.4856 0.0001 1.20615 0.00004 3.40 0.14
ELT_110_FINE JLM_UE_203 110-111 cm 129125 144.4 0.715105 0.000022 19.5 0.512356 0.000009 -5.50 0.18 19.9 2.4849 0.0001 1.20556 0.00004 5.84 0.25
ELT_115_FINE JLM_UE_205 115-116 cm 131500 142.3 0.710134 0.000021 20.1 0.512329 0.000009 -6.04 0.18 19.6 2.4865 0.0001 1.20622 0.00004 7.00 0.31
ELT_120_FINE JLM_UE_204 120-121 cm 133869 113.6 0.716898 0.000023 17.4 0.512335 0.000009 -5.92 0.18 17.0 2.4886 0.0001 1.21108 0.00004 6.89 0.30
Table 3-1. Sample information, concentration, and isotope ratios for the ELT39.75 Tasman Sea samples. Top panel shows results for the 0-63mm  grain size fraction, and the bottom show results for the 0-5mm  size fraction.
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Table 3-2. Summary of Australian PSA samples originally collected by Vallelonga et al (2010). 









Table 3-4. Regional means of isotope ratios and concentrations used for endmember 
identification analysis. Original data sources listed in Table 3. Lake Mungo “Match” data uses 
concentrations from the mean Lake Mungo calculations and isotope signatures from the 4-D 
“best match” calculation. Errors are the external 2sd for the group (n’s reported). 
LDEO Sample 
code
Vallelonga et al 2010 
Sample code Geographic Description Latitude °S Longitude °E Sr conc (ppm) 87Sr/86Sr 87Sr/86Sr 2σ Nd (ppm) 143Nd/144Nd 143Nd/144Nd  2σ εNd εNd 2σ Pb (ppm)
208Pb/207Pb 208Pb/207Pb 2σ 206Pb/207Pb 206Pb/207Pb 2σ
AUF12 LE3-HF Lake Eyre -29.0 137.6 616.4 0.714533 0.000022 16.1 0.512811 0.000013 3.37 0.25 10.9 2.4792 0.0001 1.21069 0.00004
AUF13 BG1-HF Brachina Gorge -31.3 138.6 517.6 0.718131 0.000028 54.0 0.512166 0.000016 -9.21 0.31 51.4 n/a n/a n/a n/a
AUF14 LM1-HF Lake Mungo -33.8 143.0 113.8 0.714728 0.000022 19.8 0.512351 0.000009 -5.60 0.18 26.6 2.4866 0.0001 1.20862 0.00004
AUF15 SD2-HF Strzelecki Desert -27.8 140.8 n/a 0.714883 0.000022 n/a 0.512488 0.000009 -2.93 0.17 n/a 2.4793 0.0001 1.21066 0.00004
AUF16 BG2-HF Brachina Gorge -31.3 138.6 195.4 0.720905 0.000028 31.9 0.512174 0.000011 -9.05 0.28 30.6 n/a n/a n/a n/a
AUF17 SD1-HF Strzelecki Desert -27.8 140.8 n/a 0.714412 0.000023 n/a 0.512411 0.000009 -4.44 0.17 n/a 2.4787 0.0001 1.20591 0.00004
AUF18 TW1-HF Tilcha Waterhole -27.8 140.6 63.1 0.715288 0.000022 13.1 0.512778 0.000011 2.73 0.21 9.4 2.4804 0.0001 1.20738 0.00004
AUF19 LE5-HF Lake Eyre -29.0 137.6 176.7 0.714119 0.000022 18.1 0.512443 0.000009 -3.80 0.18 20.4 2.4690 0.0001 1.19945 0.00004
AUF20 LM3-HF Lake Mungo -33.7 142.1 n/a 0.713898 0.000022 n/a 0.512182 0.000010 -8.89 0.19 n/a 2.4892 0.0001 1.21569 0.00004
AUF21 LE4-HF Lake Eyre -29.0 137.6 n/a 0.714875 0.000022 n/a n/a n/a n/a n/a n/a 2.4741 0.0001 1.20476 0.00004
AUF22 LE1-HF Lake Eyre -29.0 137.6 n/a 0.715125 0.000023 n/a 0.512411 0.000009 -4.43 0.17 n/a 2.4749 0.0001 1.20582 0.00004
AUF23 LE2-HF Lake Eyre -29.0 137.6 131.1 0.715571 0.000022 9.4 0.512486 0.000010 -2.97 0.19 8.7 2.4815 0.0001 1.21455 0.00004
AUF24 SD3-HF Strzelecki Desert -27.8 140.8 n/a 0.715379 0.000022 n/a 0.512431 0.000011 -4.04 0.21 n/a 2.4840 0.0001 1.21394 0.00004
AUF25 LM2-HF Lake Mungo -33.7 142.1 n/a 0.714854 0.000023 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Table 3-2. Summary of Australian PSA samples orginally collected by Vallelonga et al (2010). 
Region Sr conc (ppm)
87Sr/86Sr
 87Sr/86Sr 2σ, 
regional







LE 247 0.710254 0.000494 14 -3.63 0.69 12 2.4784 0.0046 1.2016 0.0071
n 5 13 5 11 5 9 9
Darling 109 0.711176 0.001646 28 -1.51 1.88 18 2.4642 0.0159 1.1847 0.0158
n 17 14 17 15 15 12 12
Murray 90 0.738305 0.018141 36 -8.55 1.56 19 2.4520 0.0215 1.1709 0.0211
n n/a 23 16 23 14 14 14
Flinders Range 357 0.716634 0.003834 43 -8.21 1.20 41 2.5227 0.0386 1.2283 0.0156
n 3 2 2 2 2 2 2
Lake Mungo "match" 114 0.714434 n/a 19.8 -5.60 na 26.6 2.4866 n/a 1.2086 n/a
n 
Lake Mungo mean 114 0.715916 0.002096 20 -7.25 2.33 27 2.4968 0.0166 1.2086 0.0046
n 1 3 1 2 1 3 3




Table 3-5. Solutions for “direct match” endmember identification using different combinations 
of isotope endmembers. When Pb isotope signatures are used, the dominant source is identified 
as Lake Mungo. When Sr and Nd are used alone, the solution sets are more complicated, 
primarily because Sr and Nd fingerprints of the PSA samples overlap considerably in the space 





Sample name Age (y)
4D solution (εNd(0),  87Sr/86Sr 
206Pb/207Pb, 208Pb/207Pb)
3D solution A (εNd(0),  87Sr/86Sr 
206Pb/207Pb)
3D solution B (εNd(0), 206Pb/207Pb, 
208Pb/207Pb) 2D solution (εNd(0),  87Sr/86Sr)
ELT_2_FINE 8150  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore) 
ELT_5_FINE 11450  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore) 
ELT_7_FINE 13652  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore) 
ELT_8_FINE 14739  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_11_FINE 18426  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Maquarie (Murray)
ELT_!6_FINE 23971  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore) 
ELT_17_FINE 25576  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_20_FINE 32400  Maquarie (Murray)  Warrego (Darling)  Warrego (Darling)  Warrego (Darling)
ELT_22_FINE 40260  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Maquarie (Murray)
ELT_25_FINE 45394  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore) 
ELT_27_FINE 50343  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_29_FINE 54842  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_31_FINE 58977  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_35_FINE 65288  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_36_FINE 66507  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_41_FINE 71206  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_45_FINE 76400  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_50_FINE 81200  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Maquarie (Murray)
ELT_87_FINE 116830  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Maquarie (Murray)
ELT_90_FINE 119819  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore) 
ELT_110_FINE 129125  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore) 
ELT_115_FINE 131500  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Bogan (Murray)
ELT_120_FINE 133869  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Lake Mungo NSW (west shore)  Maquarie (Murray)
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Table 3-6. Solutions for the relative contributions to a two-endmember mixing model, for the 4D 
solution (using only regional means), the 4D solution (when the best match, “LM-MATCH,” is 
included) and for one of the 3D solution sets (εNd(0). 208Pb/207Pb and 206Pb/207Pb). The solutions differ 
based on what combination of isotope systems and endmember are used, but the most common 
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4D: without "LM-Match" 4D: Including "LM-match" 3D: (εNd(0), 206Pb/207Pb, 208Pb/207Pb)
Sample name Age (y) Endmember a Mixing Fraction a Endmember b Mixing Fraction b Endmember a Mixing Fraction a Endmember b Mixing Fraction b Endmember a Mixing Fraction a Endmember b Mixing Fraction b
ELT_2_FINE 8150   LE  0.26913   LM  0.73087   LE  0.26913   LM  0.73087   Murray  0.375   LM  0.625
ELT_5_FINE 11450   Darling  0.90406   SAUS  0.095937   LE  0.24863   LM-MATCH  0.75137   Murray  0.31459   LM  0.68541
ELT_7_FINE 13652   LE  0.11492   Darling  0.88508   LE  0.11492   Darling  0.88508   Murray  0.2738   LM  0.7262
ELT_8_FINE 14739   Darling  0.92294   SAUS  0.077061   LE  0.19621   LM-MATCH  0.80379   Murray  0.30897   LM  0.69103
ELT_11_FINE 18426   LE  0.067785   Darling  0.93221   LE  0.067785   Darling  0.93221   Murray  0.27836   LM  0.72164
ELT_!6_FINE 23971   Darling  0.93134   SAUS  0.06866   LE  0.097975   LM-MATCH  0.90203   Murray  0.3306   LM  0.6694
ELT_17_FINE 25576   Darling  0.88602   SAUS  0.11398   LE  0.23159   LM  0.76841   Murray  0.36191   LM  0.63809
ELT_20_FINE 32400   LE  0.24698   Darling  0.75302   LE  0.24698   Darling  0.75302   Darling  0.022845   LM  0.97715
ELT_22_FINE 40260   Darling  0.92192   SAUS  0.078079   LE  0.13175   LM-MATCH  0.86825   Murray  0.33657   LM  0.66343
ELT_25_FINE 45394   LE  0.29077   LM  0.70923   LE  0.29077   LM  0.70923   Murray  0.35854   LM  0.64146
ELT_27_FINE 50343   LE  0.34753   LM  0.65247   LE  0.34753   LM  0.65247   Murray  0.3629   LM  0.6371
ELT_29_FINE 54842   Darling  0.88972   SAUS  0.11028   LE  0.19218   LM  0.80782   Murray  0.3848   LM  0.6152
ELT_31_FINE 58977   Darling  0.9332   SAUS  0.066804   LE  0.1446   LM-MATCH  0.8554   Murray  0.31777   LM  0.68223
ELT_35_FINE 65288   LE  0.18214   LM  0.81786   LE  0.18214   LM  0.81786   Murray  0.38075   LM  0.61925
ELT_36_FINE 66507   Darling  0.94064   SAUS  0.059357   LE  0.086277   LM-MATCH  0.91372   Murray  0.32764   LM  0.67236
ELT_41_FINE 71206   Darling  0.95073   SAUS  0.049269   Darling  0.73412   LM  0.26588   Murray  0.31733   LM  0.68267
ELT_45_FINE 76400   Darling  0.91554   SAUS  0.084465   LE  0.2015   LM-MATCH  0.7985   Murray  0.31455   LM  0.68545
ELT_50_FINE 81200   Darling  0.81003   LM  0.18997   Darling  0.81003   LM  0.18997   Murray  0.309   LM  0.691
ELT_87_FINE 116830   Darling  0.90987   SAUS  0.090134   LE  0.13616   LM-MATCH  0.86384   Murray  0.35477   LM  0.64523
ELT_90_FINE 119819   Darling  0.9244   SAUS  0.075604   LE  0.18284   LM-MATCH  0.81716   Murray  0.30988   LM  0.69012
ELT_110_FINE 129125   LE  0.27216   LM  0.72784   LE  0.27216   LM  0.72784   Murray  0.35495   LM  0.64505
ELT_115_FINE 131500   LE  0.23514   LM  0.76486   LE  0.23514   LM  0.76486   Murray  0.38985   LM  0.61015
ELT_120_FINE 133869   Darling  0.73137   LM  0.26863   Darling  0.73137   LM  0.26863   Murray  0.32619   LM  0.67381
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Chapter 4 : Dust Provenance in West Antarctica over the last glacial 
cycle 
Abstract 
We report the isotope geochemistry of dust particles delivered to the WAIS Divide (West 
Antarctica) and Taylor Glacier (East Antarctica) ice cores between 15-40ka. We use the 
geochemistry to infer the source of the dust at different times in this period, matching the 87Sr/ 
86Sr, εNd(0) , 206Pb/207Pb, and 208Pb/207Pb “fingerprint” of the dust particles extracted from the ice core to 
a suite of potential source areas (“PSA’s”) across the Southern Hemisphere. During the glacial 
period, the median 87Sr/ 86Sr ratio is 0.709380 (2σglacial = 0.000820, n = 13) ; median εNd(0) = -2.20 
(2σglacial = 1.18, n = 13) ; median 206Pb/207Pb = 1.1937 (2σglacial = 0.0118, n = 13); and 208Pb/207Pb = 2.4710 
(2σglacial = 0.0086, n = 13). By minimizing the least-squares distance of “normalized” dust sample 
set with the PSA datasets, we find that the most likely source of glacial-stage dust particles to 
West Antarctica is the southernmost part of South America, most likely Patagonia below ~48°S, 
with a small percentage of total particle inputs from local West Antarctic volcanoes. The source 
does not change on millennial timescales, indicating that the position of the westerly winds—
which uplift and transport dust—does not change appreciably. The source during the deglacial 
period, however, changes, with Australian dust—again, mixed with local volcanic material—
dominating the WAIS Divide dust signature. We infer that both changes in dust availability in 
the source regions and changes in uplift or transport efficiency—related to changes in the 
strength and position of the westerlies—affects the glacial-interglacial dust source change.  
1. Introduction 
Past circulation patterns, especially during glacial stages, remain uncertain, especially 
those that affect middle to high latitude Southern Hemisphere atmosphere-oceanic dynamics. 
The strength and location of the southern hemisphere westerly winds influence global climate far 
beyond the immediate reach of the winds themselves. For example, surface wind stress can affect 
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oceanic upwelling and by extension, ocean carbon storage and heat fluxes, potentially 
influencing the global heat balance (Anderson et al 2009; Sijp and England, 2009). Paleoclimate 
theory and observational records indicate that the westerlies move on millennial and glacial-
interglacial timescales, likely shifted between ~1-10° in latitude northward during colder climate 
conditions (Denton et al, 2010; Kohfeld et al, 2013). However, atmospheric model simulations 
struggle to reproduce the extent of the latitudinal shifts recorded by empirical terrestrial- and 
marine- based proxy records of changes in the westerlies, suggesting that the wind belts could 
have moved only a few degrees at the Last Glacial Maximum (LGM) compared to the present 
day—if at all (Sime et al, 2013; Sime et al 2016). Direct tests of this hypothesis—that westerlies 
shift as climate changes—are few and far between. Understanding how quickly, and how much, 
the position of the westerly winds might change, or whether their position changes at all, is key 
to understanding many factors in past climate change, from oceanic CO2 sequestration and 
release, to precipitation patterns, to iron fertilization patterns.  
 Dust particles, trapped in paleoclimate archives such as ice cores, provide direct evidence 
that transport pathways exist between a particular source region and the archive sink. In ice 
cores, geochemically “fingerprinting” dust particles allows us determine the dust source region 
and how the source region may have changed through time (Grousset et al, 1992). Dust found in 
glacial-stage East Antarctic ice cores has been geochemically attributed to southern South 
America (Delmonte et al, 2004; Gaiero 2007; Vallelonga et al, 2010; Gili et al, 2016; Gili et al, 
2017), whereas samples from interglacial periods have been attributed to more northerly sources, 
either Australia (Revel-Rolland et al, 2006, Vallelonga et al, 2010; DeDeckker et al 2010), or the 
central plateaus of South America (Gili et al, 2016; Gili et al, 2017). These results suggest that 
large-scale atmospheric changes in dust production, transport, or delivery occur on glacial-
  152 
interglacial timescales. However, these results, and the majority of dust provenance 
characterization performed on marine sediment cores, primarily constrain the source of dust 
deposited in the Atlantic sector of Antarctica; whether those same sources of dust feed West 
Antarctica, and by extension the Pacific sector of the Southern Ocean, is unknown. In addition, 
whether the source of dust to West Antarctica can change on sub-orbital and deglacial timescales 
has not been systematically explored.  
Here, we ask: what were the sources of dust to West Antarctica during the last glaciation? 
And: were there millennial-scale shifts in dust provenance during and near the close of the last 
glaciation?  We report the results of dust fingerprinting in the WAIS Divide ice core between 
~15 to 40 ka and supplement these results by characterizing dust provenance across a millennial-
scale event in the horizontal Taylor glacier core. 
1a. Atmospheric Setting 
Atmospheric circulation patterns in the southern hemisphere are dominated by the strong, 
seasonally-persistent zonal mean flow of the westerly winds, which themselves are generated by 
the strong equator-pole meridional temperature gradient of the Southern Hemisphere (e.g. Hall 
and Visbeck, 2002; and Shulmeister et al, 2004). Individual storm tracks tend to follow mean 
flow patterns, spiraling south toward Antarctica while crossing great swaths of the Southern 
Ocean (Taljaard, 1972).  
Many of the individual cyclones are generated in the lee of the Andes, and spin down 
toward the Antarctic continent, where they are largely blocked from intruding up into the polar 
region by the polar vortex and strong katabatic flow coming off the continent (Yuan et al, 2009). 
Entrainment of storms into the polar circulation allows intrusion of northerly-sourced moisture 
and particulate matter to be delivered up onto the Antarctic plateaus. Typical storm systems 
persist for ~1-4 days and can travel up thousands of kilometers; larger storms lasting >10 days 
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can transport heat, particles, and water vapor even farther (Hoskins and Hodges, 2005; Yuan et 
al, 2009; Simmonds and Keay, 2000). Modern reanalysis, forward storm-track modeling, and 
remote sensing of individual storm events, indicate that storms generated in South America can 
survive all the way to the East Antarctic coast (e.g. Gassó et al, 2010), and modeling exercises 
suggest that South America dominates dust delivery and deposition across East Antarctica during 
the LGM (Albani et al, 2011). Whether those same regions could source West Antarctica during 
the glacial has not previously been determined.  
While the jet is largely symmetrical during summer months, during austral winter, a 
distinct “split jet” pattern is observed in the Australasian region. An equatorward branch funnels 
storms eastward at ~25-30°S, while the poleward branch is “anchored” over southeast Australia 
and acts as a waveguide, driving flow southward (Bals-Elzholz et al, 2001). Forward trajectory 
modeling suggests that cyclones generated in the Australia – New Zealand region dominate 
transport toward the Ross Sea region and West Antarctica (Neff and Bertler, 2015).  
It is still not clear how atmospheric dynamics might have differed during MIS2 and 
MIS3—and during millennial-scale events within that period. Sime et al (2016) compare nine 
PMIP3 simulations and find little evidence of either intensification or a shift of the westerly jet 
during the LGM, compared to the preindustrial period. They highlighted the importance of both 
the starting-state position of the jet in the model runs as well as the importance of the Southern 
Ocean sea ice extent. Similarly, the mechanisms controlling the split jet during previous cold 
stages are not fully elucidated, though modeling suggests its intensity could respond quickly to 
Northern Hemisphere cooling (Chiang et al, 2014). 
1b. Ice core sites 
 We report the results of dust fingerprinting from 20 samples from the WAIS Divide ice 
core (79.47°S, 112.08°W), a ~68ky-long record from central West Antarctica, starting at 
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~40kybp, and extending partway through the deglacial period (~17.5 - 15kypb) (Table 1), with 
ages determined by linear interpolation with the WD2014 age model (Buizert et al, 2015). WAIS 
Divide is a high-elevation, high-accumulation ice core site, annually layer-counted through 
~31ky, so the age model is extraordinarily precise; age uncertainties in the lower section of the 
core, from 31-68ky, are <500y in most cases. In addition, we analyzed several high-quality, 
high-volume (~2-10kg) samples from the “horizontal” Taylor Glacier ice core (77°45.61 S, 161° 
43.4 E), which were sampled from before, during, and after the millennial-scale AIM2 event in 
Antarctic ice cores (coincident with Heinrich Event II in the northern hemisphere) (Baggenstos 
et al, 2015; Wolff et al, 2006). Because of its unique geometry, the Taylor Glacier ice core 
represents a unique opportunity for studies like ours, which require large volumes of ice 
(generally ~1kg or more, depending on particle concentrations within the ice core) to obtain 
enough particulate material to precisely pin down its source. We report the 87Sr/86Sr, 143Nd/144Nd, 
206Pb/207Pb, and 208Pb/207Pb ratios from these samples, as well as the element concentrations, in order 
to determine the “fingerprint” of the ice core dust samples. 
The two ice cores occupy slightly different spaces in terms of modern atmospheric 
transport. WAIS Divide sits in the central West Antarctic plateau at 1759m elevation; 5 to 10-
day forward trajectory models show that about 25% of the airmasses arriving at WAIS Divide in 
the modern primarily originate in the New Zealand region and ~15% originate from southern 
South America, while New Zealand airmasses make up a slightly higher proportion in the Taylor 
Glacier region (Neff and Bertler, 2015). Taylor Glacier also sits lower in elevation and closer to 
the coast than WAIS Divide, and is in close proximity to several currently exposed local dust 
sources that have been observed to produce coarse-grained particulate material that can easily 
disseminate to the Taylor Glacier site in the modern (Blakowski et al, 2016).   
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1c. Geochemical fingerprinting 
 Good PSA datasets, comprehensive in geographic coverage and appropriately sampled, 
are necessary for source area identification.  Recent work (Kaplan, in prep; Koffman, in prep; 
Gingele and DeDeckker et al 2005; Marx et al 2011; Blakowski et al, 2016; Gili et al, 2016; Gili 
et al, 2017; Borunda, in prep) has greatly improved the quality of the PSA datasets for the 
southern hemisphere, increasing both the breadth and quality of sampling. In particular, our 
understanding of the South American PSA field is greatly improved, and indicates that we can, 
to a point, distinguish latitudinal gradients in the PSA signatures of South America. We can also 
distinguish between most Australian PSA’s and South American PSA’s by using multi-
dimensional analysis (e.g. Sr, Nd, and Pb isotopes in unison).  
 We compiled a dataset comprised of published data from possible source regions of the 
Southern Hemisphere and sub-sorted the data based on previously-defined regional distinctions 
(Figure 4-1; Figures 4-2 and 3, isotope fingerprints of PSA samples from different geographic 
regions; different colors indicate different regions. 1s error ellipses enclose the different regional 
datasets). We adhere to the South American regional distinctions presented by Gili et al (2017), 
and the Australian regional distinctions suggested by Vallelonga et al (2010) and Gingele and 
Dedeckker (2005). We include only data that reports the <5um size fraction, which more closely 
represents the size distribution of long-distance-traveled dust that makes it to the Antarctic 
continent than the bulk analyses that are often reported (Delmonte et al, 2010, Delmonte et al, 
2017; Koffman et al, 2013; Krinner et al 2010). Because there is an observed grain-size offset in 
the 87 Sr/86 Sr ratio, with smaller grain size fractions demonstrating higher isotopic ratios, it is 
important to compare data from that appropriate grain size fraction (Gaiero, 2007; Koffman et al, 
in prep). The exception is the Marie Byrd Land (MBL) and Ross Sea region volcanic 
fingerprints, for which we include bulk material, as the particulate material would have traveled 
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only a few hundred km, rather than thousands, and the explosive nature of MBL volcanism 
allows for large (>50um) particles to be transported to the ice core sites. 
 
Figure 4-1. Map of key locations and geochemical provinces. A) WAIS Divide, in central West 
Antarctica, is shown with a red star with a black outline; Taylor Glacier is marked with a red star 
with a yellow outline. The local Marie Byrd Land volcanoes are marked with black circles. Other 
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circles show the εNd(0) signature of the <5um size fraction of dust samples collected from 
potential source area (PSA) sites. B) and C) show the regional distinctions referred to in the text. 
B) In South America, Gili et al (2018) groups samples latitudinally into regions, and we follow 
these distinctions here. C) In Australia, the regions are grouped by river basin. 
 
Gili et al (2016) and Gili et al (2017) identified and sampled dusts from several key PSA 
regions in South America: the Puna Altiplano (PAP, ~15-27°S), Central-Western Argentina 
(CWA, ~27-39°S), Patagonia (PAT, ~39-55°S), and the Straits of Magellan/Tierra del Fuego 
(SM) (Figure 4-1c). They further subdivided the region and offer more detailed explanations of 
the geology and geographic extent of the regions, but for the purpose of clarity, we retain these 
regional distinctions and sorted previously-published dust data into these latitudinal bands 
(Figure 4-2). Along a latitudinal gradient from ~20°S to ~40°S, εNd(0) increases; the lowest εNd(0) 
values (εNd(0) = ~ -10 to -11) are observed in the northern PAP, and the highest in the southern 
part of the CWA (εNd(0) = ~ -1 to -2) (Figure 4-2). In Patagonia and Tierra del Fuego, the trend 
reverses, and below ~45°S the variability increases dramatically. Similar trends in 87Sr/86Sr and 
208Pb/207Pb emerge (Figure 4-2).  
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Figure 4-2. Latitudinal gradients in isotope signatures are evident in South America. There is a 
clear latitudinal gradient from 20°S to ~40°S, with older, more isotope-enriched rocks 
predominating in the more northerly regions, where they exhibit lower εNd(0) and higher 87Sr/86Sr 
and 208Pb/207Pb ratios than the more southerly regions. Plate dynamics control the broad trends in 
geologic setting and geochemistry of the different regions; in the PAP and CWA, within the 
Central Volcanic Zone of the Andes, thick Paleozoic and Precambrian crust lie ~50-70km above 
a sharply-dipping Benioff zone, whereas the crust in the Southern Volcanic Zone is shallower 
and younger. (Data sources listed in Table 2).   
 
For Australia, we subdivide the data set geographically, based on drainage basins (Figure 
4-1b). We subdivide the regions known as active modern and paleo dust sources: the Lake Eyre 
Basin (LE), the Murray River catchment (Murray), and the Darling River catchment (Darling) 
(Hesse et al, 1994; Marx et al, 2009; DeDeckker, et al 2010). Lake Eyre, an ephemeral lake basin 
in the central region of Australia, collects material from many different river catchments that 
drain into it, including several rivers that cut through young volcanic material in the northeastern 
segment of the continent. These inputs lend the basin an isotopic signature distinct, and younger-
looking, from the cratonic basement underlaying the easily-erodible surface sediments—
signatures that in many cases look quite similar to Patagonian sediments (Figure 4-3). However, 
the regions can be distinguished via multidimensional analysis (e.g. using Sr, Nd, and Pb isotopic 
signatures in tandem). The Darling River also crosses “young” rocks, and several of the 
individual data points overlap with Patagonian signature in Sr-Nd, but most can be distinguished 
by adding a third geochemical dimension (Figure 4-3). The Murray River cuts through older 
rock, resulting in high (>0.712) 87Sr/86Sr, and low (<-6) εNd(0) values (Gingele and DeDeckker, 
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2005). From New Zealand, we show data from the South Island, (SI), and from South Africa we 
present all published data (SAF).  
 
Figure 4-3. 1σ error envelopes drawn around the distributions of PSA samples, sorted using the 
regional distinctions described in the previous figure (map). The top panels (3a-3d) show the 
variation in the South American regions. 3e-h) show the variation in the Australian regions 
(green = Lake Eyre basin, yellow = Darling River, and orange = Murray River), as well as the 
distribution of South Island of New Zealand (gray) and the local Marie Byrd Land volcanoes 
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(pink). 3i-j) incorporate three geochemical dimensions for South American regional 
differentiation, and 3k-l repeat the exercise for Australia, New Zealand (South Island), and 
Antarctica (not seen on figure because the isotopic fingerprints lie outside the axis range shown 
here). For data sources, see Table 2. 
 
In many cases, PSA signatures from different continents and different sub-continental 
regions overlap with each other in one or more isotope spaces. However, in most cases, by using 
multidimensional radiogenic isotope analyses, we are able to distinguish regional PSA signatures 
(Figure 4-3i-l). In other cases, the potential sources are quite distinct from each other. For 
example, the signature of particulates sourced from young mantle, from volcanoes in the Ross 
Sea region (e.g. Mt. Erebus) and Marie Byrd Land (most notably Mt. Takahe and Mt. Berlin, two 
volcanoes that are known to have been active during the time period investigated) is quite 
distinct from the fingerprint of crustal rocks characteristic of Australia and much of South 
America, which show higher 87Sr/86Sr (>0.708), lower εNd(0) (~< -1), and lower 208Pb/207Pb (<2.48) Pb 
ratios than the volcanic material (Figure 4-3) (Sims et al, 2008; Panter et al, 1997).  
2. Methods 
2a. Analytical Methods 
Ice core processing:   
 We sampled the WAIS Divide ice core at 20 depths (Table 1). In each case, the sample 
was selected to a) provide a dust sample of suitable size to perform radiogenic isotope analyses, 
and b) to minimize the possible effect of local West Antarctic volcanism, with the intention of 
obtaining the clearest possible signal of the long-distance-transported dust alone. We used the 
record of the depths of visible tephra layers compiled by Dunbar et al (pers. comm) to select 
sample depths likely to be free from significant volcanic contributions. Samples varied in length 
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and volume, depending on the reported mineral dust concentrations (McConnell et al, pers. 
comm); each sample consisted of 4-10 chunks of ice, ~3cm x ~3cm x 10-70cm.  Ages were 
determined via spline interpolation of the depth and WD2014 chronology (Buizert et al, 2015). 
Each WAIS Divide sample integrates ~20-80 years. The Δ age—the offset between the age of 
the ice (and the dust particles trapped inside the ice matrix) and the age of the gas bubbles 
trapped inside it-- ranges between ~300-525y for the section of core analyzed, with the 
maximum offset occurring during the LGM (Buizert et al, 2015). 
 Each sample was manually decontaminated in a laminar flow hood in the LDEO  -25°C 
freezer. Because dust sample sizes were small, and the probability of sample contamination (for 
Pb, in particular) was high, we modified the procedures of Boutron et al (1990) and Vallelonga et 
al (2010) for clean sample decontamination, using a three-layer manual decontamination 
technique. Each sample, supported by a clean polypropylene stand, had three ~0.3cm-thick outer 
layers removed sequentially, using a clean chisel, shavings-collection plate, and ice stand for 
each layer. The shavings were collected in cleaned polypropylene 1L Nalgene bottles, melted, 
analyzed for Pb concentration; if the inner layer concentration of Pb matched the interior sample 
concentration, we considered that the sample had been fully decontaminated successfully. The 
cleaned inner portion of the ice core sample was stored frozen in acid-cleaned polypropylene 
bins, sealed inside three layers of acid-cleaned plastic bags, until samples were ready for melting. 
Final volumes and estimated dust concentrations are reported in Table 2. Total procedural blanks 
ranged from 6-82pg Pb (n=5), 1-7pg Nd (n=5), and 10-70pg Sr (n = 5). 
Each steel chisel or polypropylene instrument that came into contact with the ice was 
cleaned in a three-step acid-leaching process in order to remove possible Pb contaminants, 
submerged in ultraclean HNO 3 baths (5, 1, and 0.1% HNO3; LDEO-double-distilled HNO3 was 
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diluted with 18Ω Millipore MilliQ water to produce the clean acid baths) and rinsed at least 3x in 
MilliQ water between baths. All instrument preparation took place in LDEO’s Ultraclean 
Laboratory.  
The Taylor Glacier samples, extracted from a “horizontal” ice core in the Taylor Valley, 
were shipped to LDEO and stored in the -25°C freezer. We cleaned and processed the samples 
identically to the WAIS samples. We interpolated the age of each sample based on the reported 
“depth” in the horizontal core and ages were determined via spline interpolation of the 
Baggenstos et al (2015) age model.  
Post-cleaning processing and analytical methods 
Samples were melted in the LDEO Ultraclean Laboratory, then filtered on pre-cleaned 
polycarbonate filters with a pore size of 0.45μm. The filters were placed in pre-cleaned, MilliQ-
filled Teflon vials. The particles were removed from the filters via sonication, and the water was 
evaporated off. Total mass is unknown; samples were too small to extract and weigh without 
contamination or sample loss. Target masses, based on known concentration of microparticles in 
the WAIS Divide ice core (McConnell, pers. comm), was 100ug dust/sample. The extracted dust 
particles were digested using a 2:1 mixture of Seastar Ultrapur® concentrated hydrofluoric acid 
and 7N double-distilled nitric acid (produced at LDEO). Beakers were capped, sonicated for 
~15m, and then heated at ~150°C for 24-48 hours, or until complete digestion of the sample was 
achieved (as determined by visual inspection). A comparable aliquot of BCR2 was prepared 
contemporaneously in order to track external accuracy. Concentration splits were taken in order 
to precisely determine element concentrations in the original dust samples. Subsequently, 
individual elements were isolated from the digest via a series of column chemistries. 
Following digestion, we performed a series of ion chromatography column chemistries to 
isolate Pb, Nd, and Sr for isotopic analysis. We isolated Pb by passing the sample, dissolved in 
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0.7 N HBr, through a 100μl column of Eichrom AG1-X8® 100-200 mesh anion exchange resin, 
eluting Pb with 6N HCl. REE’s were first isolated from the alkali and alkaline earth metals via 
100ul columns of Eichrom TRU® resin in 1N HNO3 solution; Rb and Sr were eluted with 1N 
HNO3, and the REE’s were subsequently eluted with 1N HCl. Nd was then separated from the 
REE cut by elution through 800ul columns of calibrated Eichrom LN® resin, using 0.22N HNO3 
as eluent. Sr, dissolved in 3N HNO3, was separated from the other alkaline earth metals via 30μl 
columns of Eichrom Sr® resin, eluting with MQ water.  
All isotope ratios were measured on the ThermoScientific Neptune Plus MC-ICP-MS at 
LDEO, with sample dissolved in 3% HNO3 at concentrations of ~20-100 ppb for Sr and Pb and 
~5-20 ppb for Nd. An APEX desolvator was used to preconcentrate the solution for Nd and Pb 
measurements.  
For Nd, we monitored for mass 147 to correct for potential 144Sm interference on the 144Nd, 
correcting assuming 144Sm/147Sm = 0.20667, with no fractionation correction. We corrected 
143Nd/144Nd ratios for instrumental mass fractionation using the Rayleigh exponential mass 
fractionation law, assuming 146Nd/144Nd = 0.7219. Samples were further corrected to the JNdi-1 
reference value of 143Nd/144Nd = 0.512115 (Tanaka et al. 2000). Sample analysis was preceded by 
repeated measurements of reference material Jndi-1 until measurements stabilized. Each 
subsequent sample measurement was bracketed by Jndi-1 to ensure long-term stability across the 
run. Nd was measured in three batches. Jndi reproducibility was 0.512002 (2σ = 0.000015, n= 
16, concentration 20ppb); 143Nd/144Nd = 0.512074 (2s = 0.000016, n =17, concentration 10ppb); 
and 0.511797 (2σ = 0.000029, n= 18, concentration 5ppb). To ensure external reproducibility, 
we also measured BCR-2 and La Jolla reference standards. For Nd, the three batches had, 
respectively, BCR2 of 143Nd/144Nd = 0.512711 ± 0.000019 (n = 1; error reported is total internal 
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error) and La Jolla 143Nd/144Nd = 0.511848 ± 0.000018 (n = 1); BCR2 143Nd/144Nd = 0.512638 ± 
0.000035 (n = 1) and La Jolla 143Nd/144Nd = 0.511868 ± 0.000023 (n = 1); and BCR2 143Nd/144Nd = 
0.512648 ± 0.000040 (n = 1) and La Jolla 143Nd/144Nd = 0.511861 ± 0.000034 (n = 1). These were 
within or slightly outside error of Jweda et al (2015)’s BCR2 of 143Nd/144Nd = 0.512637 and La 
Jolla of 143Nd/144Nd = 0.511858, respectively. We additionally report Nd results in terms of their 
measured deviation from the Chondritic Uniform Reservoir (CHUR), where eNd(0) = 10,000 * 
(143Nd/144NdSample -  143Nd/144NdCHUR)/ 143Nd/144NdCHUR and 143Nd/144NdCHUR  = 0.512638 (White, 1994).   
Sr was measured in four separate batches, with sample concentrations between 20-
100ppb. Measured ratios were corrected for mass fractionation in the flight tube using the 
Rayleigh exponential mass fractionation law, using 86Sr/88Sr = 0.1194. All sample measurements 
were bracketed by international reference standard NIST 987. Sample measurements were 
further corrected to those standards, where a NIST 987 value of 87Sr/86Sr = 0.710248 was used. 
Repeated measurements of NIST 987 87Sr/86Sr over the course of the runs resulted in average 
87Sr/86Sr = 0.710145 (2σ = 0.000022, n= 25, 100 ppb concentration); 0.710233 (2σ = 0.000028, n=  
43, 100 ppb concentration); 0.710163 (2σ = 0.000047, n = 42, 50ppb concentration); and 
0.709855 (2σ = 0.000101, n=  24, 20ppb concentration). External reproducibility was checked 
against a known standard, BCR2. For the Sr batches, in order, BCR-2 87Sr/86Sr measured 0.704957 
(2se = 0.000042, n = 1); 0.704947 (2se = 0.000029, n = 1); 0.705047 (2σ= 0.000009, n = 2); and 
0.705145 (2se 0.000107, n=1). These are all close to, but outside, error of Jweda et al (2015)’s 
reported 87Sr/86Sr = 0.705000. 
For Pb isotopic analysis, in order to correct for instrumental mass fractionation, samples 
were spiked with Tl for a Pb/Tl ratio of 5.4, assuming a 203Tl/205Tl ratio of 0.41844 and corrected 
by applying the Rayleigh exponential mass fractionation law (Thirlwall, 2002). After 
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measurement reproducibility was sufficient, as determined by repeat measurements of NIST 
SRM 981, samples were measured, each bracketed by NIST SRM 981. Repeat measurements of 
981 were made for three different batches of analyses. Over the course of the first measurement 
run (n=36, 10ppb concentrations), we measured 981 ratios of 206Pb/204Pb = 16.9301 (2σ= 0.0072); 
207Pb/204Pb = 15.4818 (2σ= 0.0074); 208Pb/204Pb = 36.6630 (2σ= 0.0279); 206Pb/207Pb = 1.0936 (2σ= 
0.0001); and 208Pb/207Pb = 2.3681 (2σ= 0.0007). Batch 2 (n=18, 10 ppb concentrations) had 981 
ratios of 16.9424 (2σ= 0.0029), 15.4970 (2σ= 0.0039), 36.7096 (2σ= 0.0120), 1.0933 (2σ= 
0.0001), and 2.3688 (2σ= 0.0002), respectively. Batch 3 ratios (n= 12, 20ppb concentration) 
were 16.9656 (2σ= 0.0055), 15.5266 (2σ= 0.0062), 36.8411 (2σ= 0.0218), 1.0926 (2σ= 0.0001), 
and 2.3728 (2σ= 0.0007), respectively. Sample measurements were corrected to NIST 981 
(206Pb/204Pb = 16.9405, 207Pb/204Pb = 15.4963, and 208Pb/204Pb = 36.7219, respectively) (Galer and 
Abouchami, 1998). External reproducibility was checked against BCR-2, where batch 1 (n=1) 
yielded average 206Pb/204Pb = 18.8010 ± 0.0082; 207Pb/204Pb = 15.6268 ± 0.0086; and 208Pb/204Pb = 
38.8477 ± 0.0307. In Batch 2, (n =2), 206Pb/204Pb = 18.8037 (2σ=0.0038); 207Pb/204Pb = 15.6259 (2σ= 
0.004)2; and 208Pb/204Pb = 38.8358 (2σ= 0.0156). In Batch 3 (n= 1), 206Pb/204Pb = 18.7965 ± 0.0056; 
207Pb/204Pb = 15.6242 ± 0.0063; 208Pb/204Pb = 38.7745 ± 0.0219. Where n = 1, the error reported is 
total measurement error, not external reproducibility. Batches 1 and 2 are within error compared 
to Jweda et al (2015) (18.8029, 15.6240, and 38.8387, respectively).  
2b. Source area identification: direct matching or mixing solutions  
 There are two ways to think about source attribution: 1) by assuming that a particular 
point-source, with its own semi-unique fingerprint, provides an exact match to the dust extracted 
from the ice core; or 2) by assuming that the dust found in the ice core is comprised of particles 
from different terrestrial regions that have mixed in transport or deposition, therefore resulting in 
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a “mixed” signal (e.g. DeDeckker et al, 2010). Both approaches are useful and may occur at 
WAIS Divide and Taylor Glacier.  
To “match” or identify the individual PSA samples that most closely corresponded to 
individual fingerprints of the ice core samples, we found the nearest neighbors to each WD 
sample by minimizing the Euclidean distance between PSA and WD sample, using pairwise (e.g. 
εNd(0) : 206Pb/207Pb) and then multi-dimensional datasets (e.g. 87Sr/86Sr: εNd(0) : 206Pb/207Pb). Then, we 
mapped the location of these best matches, in order to geographically bound the source region, 
assuming only a single point source provided dust each ice core dust sample. There is some 
modern evidence that suggests that this kind of hyperspecific sourcing could occur, at least from 
Patagonian sources, where particle deflation from a single lakebed in a single storm event has 
been demonstrated to deliver dust to East Antarctica; it is unknown whether this kind of 
specificity could extend all the way around the continent (Gassó et al, 2005).  
 To “un-mix” the possible contributing sources, we find the least-squares solution to a 
two-endmember mixing equations, using combinations of the different isotope systems and 
assuming the ice-core-dust sample distribution is caused by mixing between only two sources. 
We pre-select endmembers, at first pass using the mean values of the different regional 
categories described above (PAP, CWA, and Pat in South America; LE, Murray, and Darling in 
Australia) (Table 3). However, the limitations of mixing theory obviously preclude solutions that 
fall “below” the endmember value. Therefore, we looked for sources that sit near the “bottom” of 
the ice core dust (“ICD”) distribution and tested those as well. As the other endmember, we used 
local West Antarctic volcanic material: Marie Byrd Land volcanic samples we had analyzed 
previously, and previously-reported data from Mt. Erebus (in the Ross Sea region) (Borunda et 
al, in prep; Sims et al, 2008; Panter et al, 1997; Kyle et al, 1992). These calculations require 
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endmember element concentrations, as well as isotope ratios (see Supplemental Material Eq. 2). 
In many previous studies, authors did not report concentration data alongside their isotope ratios; 
in these cases, we estimated the expected element concentration using other published studies 
from the region (Table 3). We suggest that in the future, element concentrations should always 
be analyzed and reported. 
There are, of course, infinite solutions to the mixing equations. We consider the best 
solutions to be those that minimize the range of endmember contributions over time. For 
example, a solution that requires only ~10% variability in the relative proportion of endmember 
A to describe the whole ICD distribution is a better option than one that requires 50% variability. 
3. Results  
3a. Ice core dust signatures: glacial 
The overall pattern for MIS2-3 is clear: between ~18-40ka, there is a consistent signal in 
206Pb/207Pb, 208Pb/207Pb and εNd(0) isotopes, with two exceptions (Figure 4-4a); samples WD18 and 
WD19, from 34.87 and 36.77 ka are easily identifiable outliers in all isotope systems. Excluding 
these two exceptions, the mean radiogenic isotope signatures of WAIS Divide glacial-age dusts 
are 87Sr/ 86Sr = 0.709317 (2σ = 0.000820, n = 12), mean εNd(0) = -2.07 (2σ = 1.18, n =11); and 
mean 208Pb/207Pb = 2.4702 (2σ=0.0086, n = 12). Taylor Glacier LGM samples sit slightly offset in 
Sr from the WAIS Divide distribution. Excluding the outlier in that dataset, the glacial-age dusts 
are statistically indistinguishable from WAIS Divide samples, with  87Sr/ 86Sr of 0.708907 (2σ = 
0.001594, n = 6), εNd(0) = -1.83 (2σ = 0.57, n = 6),  and 208Pb/207Pb = 2.4667 (2σ = 0.0214, n = 6), 
(Figure 4-4b).  
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Figure 4-4. New isotopic data from WAIS divide (a) and WAIS divide and Taylor Glacier b) 
Dust fluxes change by a factor of ~12 over the glacial-deglacial transition, and by several times 
during millennial-scale events within the glacial period. Across these changes in the glacial 
period, the isotope signatures of the dust samples from WAIS Divide and b) Taylor Glacier do 
not vary in any systematic way. Bar on the right of the figure show the mean and 1σ range of 
relevant regional PSA datasets; note that the error bars may extend off the edges of the plotted 
range (in several cases, the Antarctic volcano signature is off the y-axis range plotted here). High 
variability in the 87Sr/86Sr ratio is possibly attributed to grain size variation within the samples. 
Analytical error is smaller than the symbol size for WAIS Divide and Taylor Glacier samples. 
 
There are no significant changes in any of the isotope signatures from ~18-40 ka, even as 
dust fluxes change by a factor of ~12 during millennial-scale AIM events (Figure 4-4). In fact, 
the isotope signatures remain remarkably stable between 18ky-40ky (with the exception of two 
outliers, which are influenced by local volcanism; see discussion below). The 1σ of the 
distribution of the WD glacial-age samples is smaller than or equal to the variance in the 
Patagonian PSA dataset: 0.000410 (n = 12) for 87Sr/ 86Sr, 0.59 for εNd(0),  (n=11) and 0.0043 (n = 
12) for 208Pb/207Pb. In comparison, the 1σ of the isotope signatures for Patagonian PSA samples is 
87Sr/ 86Sr =0.00592 (n = 53) and εNd(0) = 3.31 (n = 49), several times that of the WAIS Divide 
samples. The 1σ for the Patagonian PSA samples  208Pb/207Pb  is 0.0068 (n = 68), in the same order 
of magnitude as the variance in WAIS Divide. These represent a remarkably consistent isotopic 
fingerprint for this entire time period, indicating that a dominant source changes little, if at all, 
across this stretch of MIS2 and MIS3.  
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These isotopic fingerprints closely resemble the fingerprint of glacial-stage dusts 
extracted from East Antarctic ice cores, from the LGM and previous glacial stages: the means of 
EPICA Dome C and Vostok Station glacial-stage dust are 87Sr/ 86Sr = 0.70932, mean εNd(0) = -1.90, 
and mean 208Pb/207Pb = 2.476 (Delmonte et al, 2004; Vallelonga et al, 2010; significant figures 
based on reported values. Figure 4-5, right column). This concurrence indicates that dust sources 
for EAIS and WAIS are similar or identical during glacial stages. In EAIS, the source of glacial-
stage dust has consistently been identified as southern South America (Delmonte et al, 2004; 
Revel-Rolland et al 2006; Gaiero 2007; Vallelonga et al 2010; Gili et al 2017).  
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Figure 4-5. Left column: Using the same 1sigma error envelopes described and shown in Figure 
3, we plot the WAIS Divide glacial period dust fingerprints (red stars with black outlines). Right 
column: we include glacial period data from previously-reported EAIS ice cores (gray circles) 
(Delmonte et al, 2004; Delmonte et al, 2008; Vallelonga et al, 2010). Errors are smaller than the 
symbol size. In most cases, the Pb isotope data and Nd isotope data were not measured on the 
same samples and cannot be compared directly, so we plotted the Pb isotope signatures against 
the mean εNd(0) signature for the EAIS data. The 208Pb/207Pb pattern follows that observed in the 
WAIS Divide data, with a mean and median centered in the South American data fields and 
outliers extending out to more positive values that resemble, or point toward, the local Marie 
Byrd Land volcanic signatures (pink circle).  
 
Two samples, from 34.87 and 36.77 ka, diverge from the rest of the glacial age ICD 
signatures, with lower 87Sr/ 86Sr (0.708873), and higher εNd(0) (>2.19), 206Pb/207Pb (>1.2151), and 
208Pb/207Pb (>2.4837) than the main cluster of data (Figure 4-4; Figure 4-5). Outliers that resemble 
these samples have been observed in EAIS ICD samples, as well, and to our knowledge have not 
previously been explained.  These samples sit outside the cloud described by the rest of the 
WAIS Divide samples from both glacial and deglacial periods, with εNd(0) and Pb signatures that 
do not correspond with any PSA samples from South America, Australia, South Africa, or 
Antarctica.  However, by using simple 2-endmember isotope mixing theory, we find that mixing 
between Sr-poor local West Antarctic volcanic samples and the main cluster of data produces 
mixing curves that describe the distribution of both the WAIS Divide and the EAIS glacial-age 
outliers.  
  173 
3b. Glacial period solutions, direct matching 
We use two different methods for determining the source of the West Antarctic ICD. 
First, we identified the closest matches between the individual WAIS Divide ICD samples and 
the entire database of PSA samples and mapped the location of these best matches. Using a 
three-dimensional picking strategy (e.g. minimizing the Euclidian distance between sample and 
PSA or PSA mean in three different isotope spaces simultaneously), with all isotope systems 
normalized to the range of the PSA dataset in order to weight their influence equally, and using 
Nd-208Pb/207Pb-206Pb/207Pb ratios, most of the WAIS Divide glacial period ICD (~20-40 ka) is 
described by a small set of PSA samples from a narrow latitudinal band of Patagonia (~48°S to 
53°S; Table 3). Using un-normalized ratios results in a similar latitudinal distribution of best-
match samples (~46-53°S; Figure 4-6).  Several exceptions emerge, three of which match most 
closely to regions further north in South America and two to Australia. However, the PSA 
samples to which these match are outliers within their own regions and have atypical signatures 
that do not resemble others in their immediate geographic vicinity. Instead, the glacial-age WAIS 
Divide dusts strongly resemble Patagonian PSA’s. 
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Figure 4-6. Using the “best match” strategy, the locations of the PSA samples that most closely 
resemble the WAIS Divide glacial-age samples are marked with red stars (black outlines). The 
majority of the matches are from 48°S and below, in the southernmost part of Patagonia. Several 
glacial-period samples match from locations farther north in Patagonia and the CWA, but these 
do not correspond with notable climate events. The outliers (the high ɛNd(0) samples from 34.87 
and 36.77 ka, notable in the time series panel) match with local Patagonian samples from the 
<48°S range (and one sample that has no associated latitude and longitude data associated with it 
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but was labeled “Patagonia” by Delmonte et al, 2004). Data sources for the matching database 
are listed in Table 2.   
 
3c. Mixing solutions, glacial 
A single isotope system can only provide limited insights into dust particle source. For 
example, using solely εNd(0) ,it is clear that the two outlier samples are different from the other 
glacial-age samples—but understanding why they are different, and what the ultimate source is, 
requires at least a second dimension. By adding more dimensions to the analysis and by 
exploiting our knowledge of isotope mixing, we can more precisely locate the sources (and/or 
determine which sources are NOT likely contributors) and their relative influence on the sample. 
Much of the variability in the ICD signature can most readily be explained by two-endmember 
mixing between a distal dust source and local volcanic particles.  
We have previously analyzed and reported the radiogenic isotope ratios and 
concentrations of Sr, Nd, and Pb of volcanic particles sourced from several MBL volcanoes: Mt. 
Berlin, Mt. Waesche, and Mt. Takahe (Borunda et al., in prep). Berlin and Takahe are known to 
have been active over the last glacial cycle (Wilch et al, 1999), and both are known to produce 
Sr-depleted trachytic rock lineages. Mixing between endmembers with dramatically different 
elemental concentrations (e.g. Sr= 10ppm, as for some Mt. Takahe samples, versus Sr = 120ppm, 
typical of crustal rocks) produces distinct mixing curves (Supplemental Figure 4-1). Mt. Erebus, 
a volcanic center in the Ross Sea region, shares similar Sr and Pb ratios to many of the Marie 
Byrd Land volcanoes, with slightly higher εNd(0) (~+5.12, compared to Mt. Takahe’s +3.01), and 
Sr-depleted trachytic samples have also been reported. In comparison, the mean Sr concentration 
in most crustal material and the concentrations reported for crustal samples used in these 
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analyses fall between ~100-150ppm (e.g. Taylor and McLennan, 1985; see Table 3 for regional 
means calculated from our compiled database).  We use these signatures, in conjunction with the 
distal dust PSA database, to identify the source of dust to WAIS Divide and Taylor Glacier.  
WAIS Divide 
 Mixing between Mt. Takahe and distal Patagonian dust sources can explain most of the 
variability in the ICD dataset during the glacial. For example, the WAIS Divide glacial-age 
particle samples (from ~18.45-36 ka) can be described by a mixture of ~10% Mt. Takahe- or Mt. 
Berlin- sourced particles, with the remainder from South America (Figure 4-7; Table 4). Several 
of the samples have lower isotope signatures than the regional means, precluding solutions that 
involve these values. For South America, we also include a “floor” sample from Patagonia, 
which has similar 87Sr/86Sr, 208Pb/207Pb, and206Pb/207Pb signatures and slightly lower εNd(0) than the 
Patagonian mean.  
 
Figure 4-7. a) By using a two-endmember isotope mixing model, we plot the curves between 
local Marie Byrd Land volcanoes Mt. Takahe and Mt. Berlin and the mean Patagonian 
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endmember. Hashmarks on the mixing curves (red) represent 10% intervals. The outliers, 
particularly noticeable in panel b), can be neatly described with a mixing curve.  
 
 The two outlier samples, 34.87 and 36.77 ka, have higher 206Pb/207Pb and 208Pb/207Pb ratios 
(>1.2151 and >2.4837) and more positive εNd(0) values (>2.19) than the other glacial-age ICD 
samples, and sit well outside the  error envelopes surrounding the South American and 
Australian regional PSA fields (Figure 4-7). A mixing curve using Mt. Takahe and Patagonia as 
endmembers passes close to both--that is, that mixing curve passes closer than any other that. A 
~20-30% contribution from Patagonia, mixed with Mt. Takahe, describes both points well (the 
mixing model predicts a ~30-45% contribution from the local volcanoes).    
Another possibility is that the WAIS Divide dust signature is influenced by Australian 
sources (Figure 4-8). Mixing lines that adequately describe most of the ICD distribution also run 
between some select samples in the Murray basin and Mt. Takahe (not, however, the mean of the 
Murray Basin data). However, the mixing ratio of Murray: Takahe particulates would have to 
remain nearly perfectly balanced for the entire period studied, though dust fluxes changed by a 
factor of ~12 across this period. In contrast, slight changes in the location of the South American 
dust source, or slight changes in the mixing ratio of dust: volcanic material, can in our view, 
more easily explain the variability. 
  178 
 
Figure 4-8. We generate a series of mixing curves between the Marie Byrd Land volcanoes and 
the means of the different regions (dashed lines, coded by color). The mixing lines that best 
approximate the WAIS Divide glacial-period samples (red stars with black outlines) invoke 
Patagonia-Mt. Takahe mixing. It is important to note that there is, essentially, a “floor” on the 
lowest ɛNd(0) value: none of the WAIS Divide data dips below -4 in ɛNd(0). If mixing occurred 
between the MBL land volcanoes and any of the regions with lower ɛNd(0) means (e.g. Murray, 
the South Island of NZ, the PAP, or the Lake Eyre basin), we would expect to see some low 
ɛNd(0) values that more closely approximated those regional signatures. Instead, the ɛNd(0) 
“floor” strongly suggests that the long-distance-transported dust endmember has an ɛNd(0) 
signature near this value. 
 
Some of the other glacial-age samples sit slightly lower in 206Pb/207Pb than the rest of the 
glacial-age ICD samples (Figure 4-9). Using a 4-D (87Sr/86Sr-εNd(0) - 206Pb/207Pb -208Pb/207Pb) mixing 
model, the best solution for these samples suggests that a Patagonian dust mixes with a different 
MBL volcano—most likely, Mt. Berlin. However, excluding the grain-size sensitive Sr from the 
model (εNd(0) - 206Pb/207Pb -208Pb/207Pb) suggests that the best solution mixes Mt. Berlin with Murray 
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Basin dust (Table 4). In this scenario, the most likely solution is probably the simplest: various 
MBL volcanoes mix with the dominant Patagonian source at different periods in the glacial. 
 
 
Figure 4-9.Several glacial period samples sit slightly lower in 206Pb/207Pb and 208Pb/207Pb than 
the rest of the glacial period. Finding the appropriate solution for these samples is difficult; a 
potential solution mixes (dashed lines) ~60% Mt. Takahe particles with ~40% Murray river basin 
dusts (shown here in orange dotted line). Alternatively, a 70:30% Mt. Berlin: Murray basin mix 
emerges when Sr is excluded from the solutions toolbox because of its grain size variation.   
 
Taylor Glacier 
Taylor Glacier Pb and Nd signatures are statistically indistinguishable from the WAIS 
Divide signatures. Glacial-stage Taylor is slightly lower in 87Sr/86Sr (mean = 0.708907, n = 6) than 
the WAIS Divide samples (mean = 0.709317, n = 12); this difference is within reported range of 
grain size variation reported by Gaiero (2007), who found an offset of 0.0022 87Sr/86Sr units in 
Patagonian sediment samples. The mixing solutions for Taylor Glacier dust invoke a few percent 
of Mt. Takahe or Mt. Berlin as one endmember and the mean Patagonia dust signature as the 
remaining ~95-98% (Table 4).   




Figure 4-10.The Taylor Glacier solutions strongly resemble the WAIS Divide glacial-age 
solutions. The samples can best be described by a mix of just a few percent contribution from the 
MBL volcanoes and ~95-97% contribution of Patagonian dust.  
 
 During MIS2 and MIS 3, the primary dust source to West Antarctica is southern South 
America. Minor mixing with local volcanic material can explain much of the variability in the 
ICD dataset, specifically data that at first appear to be outliers compared with rest of analyses. 
Our record suggests that dust source does not systematically change across millennial-scale 
climate events, which suggests that the primary source stays resides in the southern part of the 
South American continent until the onset of deglaciation. In turn, no detectable change in dust 
source across MIS2 and MIS3 millennial-scale events further suggests that the position of the 
westerly winds does not move significantly during those events, or that the primary source 
remains dominant despite wind shifts. The mechanisms by which this could occur are discussed 
below. 
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4. Discussion 
4a. Glacial sources and dynamics 
The position of the Southern Hemisphere westerly winds has an outsized effect on global 
climate. During cold periods in the Northern Hemisphere, such as Heinrich stadials, it is 
hypothesized that the ICTZ is forced southward, which in turn pushes the Southern Hemisphere 
westerly belt southward (Sijp and England, 2009). Shifting the wind stress further south then 
drives increased upwelling of the deep, CO2-rich waters in the ACC, allowing CO2 transfer from 
ocean to atmosphere (e.g. Toggweiler et al, 2006; Lee et al. 2011).  
Most proxy data suggest that the position of the westerlies might have moved ~1-10° 
equatorward during the LGM, compared to their preindustrial center of ~50-55°S, though the 
magnitude of the shift likely varies regionally and in many locations is likely smaller (on the 
order of 3-5°) (e.g. Lamy et al 2010; Moreno et al 2009; Kohfeld et al, 2013, Schneider et al, 
2006). Proxy data also indicate that the winds experience millennial- and centennial-scale 
location adjustments during the Holocene. If the wind belt shifted further south during Northern 
Hemisphere cold events, and then back north again as the Southern Hemisphere cools, we would 
expect to see a change in the geochemical fingerprint of the ICD, as the winds tap different 
source locations. Within South America, isotope ratios grade latitudinally from ~20-45°S, 
providing a proxy by which to roughly identify and track latitudinal shifts in the source (Figure 
4-1; Figure 4-4). However, our results suggest that the sources of MIS2 and MIS3 dust likely 
come from just south of that range, from ~48-55°S, from locations that were likely fed by rock 
flour generated by glacier activity in the expansive ice sheet in the Patagonian Andes (Sugden et 
al, 2009).  
Gili et al (2017), using their newly-expanded PSA dataset from a latitudinal transect in 
South America, re-evaluated the source of ICD found in East Antarctica, and determined that 
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glacial-stage ICD comes from both Patagonia and the southern section of the CWA, or up to 
~35°S—extending the range of sources farther north than we suggest here. They invoke 
modeling that shows a strengthening of the westerlies between ~37-42°S, and paleoclimate 
studies showing that the westerlies weaken further south over Tierra del Fuego during glacial 
stages (Albani et al, 2012; Lamy et al, 2015). Our results, in contrast, suggest that the westerlies 
were pinned relatively close to their present-day core, further south than the CWA—or that other 
processes, such as transport effects or dust availability, exert a controlling influence on the 
Antarctic dust record (Lambert et al, 2012). 
Models consistently fail to reproduce changes of more than a degree or two of movement 
of the major westerly wind belts, while proxy data from across the Southern Hemisphere 
strongly suggests that the wind belts migrated northward during the last glacial (Kohfeld et al, 
2013).  As part of the recent CMIP5 model intercomparison project, Sime et al (2016) compared 
results from nine different models and found little or no shift in the position of the core of the 
westerlies, placing the peak 850 hPa winds between ~42-52°S at both the LGM and the 
preindustrial. Of course, dust is produced and entrained outside of the range of the “core” 
westerlies; our data suggests, though, that the bulk of the dust that is delivered to both East and 
West Antarctic a likely comes from within the core region of 48-53°S.   
We see no systematic shift in the isotope signature that would suggest a more northerly 
source at the coldest, dustiest points in the record (e.g. 26ka, immediately preceding the warm, 
less-dusty AIM2 event; (Figure 4). Several WD samples match best with PSA’s from ~30-35°S, 
but those PSA samples happen to be outliers in their own regional datasets, more closely 
corresponding to the Patagonian field. In addition, the outliers do not occur at peaks in dust flux 
(which are highly correlated with colder Antarctic temperatures, e.g. Wolff et al, 2006).  
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At Taylor Glacier, no change in source occurs over AIM2 (Figure 4- 4). Again, if the 
westerlies shifted south across the AIM2 Southern Hemisphere temperature maximum/dust 
minimum, perhaps we would expect to see a more northerly geochemical signature at the onset 
of the event, shifting to a more southerly Patagonian signature during the event, followed by a 
return to more northerly sources. However, our data do not follow this pattern. The most 
straightforward interpretation is that major changes in the location of the source do not occur 
across this event.  
We note that, given the variability in the PSA dataset, latitudinal shifts of <°5 are 
unlikely to be resolvable, especially in the area of interest (48-53°S) (Figure 4-4). This is roughly 
the suggested range for the potential shifts (e.g., Quade and Kaplan, 2017). However, at the very 
least, we interpret these results as evidence that the core of the westerly wind belt did not shift by 
more than ~5° on average over MIS2/MIS3, even across millennial-scale climate events such as 
H2/AIM2. It is possible that different atmospheric transport pathways, not related to the mean 
westerly mid-latitude flow, could deliver dust from more northerly sources—such as the PAP--to 
Antarctica, as hypothesized in Gili et al (2017).  
Alternatively, the wind belts could have shifted but somehow failed to induce a 
significant change in the geochemical signature of the exported dust.  There are two potential 
explanations for how this could have occurred. First, the supply of fine particles could have 
shifted, possibly because of changes in glacier activity in different parts of southern South 
America. Glacial erosion is likely one of the major sources of fine particles during past cold 
stages, either as glaciers advance, grinding new fine particles, or as they retreat, stranding lakes, 
rivers, or other sites where fine particles might have accumulated (e.g. Sugden et al, 2009). The 
timing of glacier advances and maximum extents differ slightly within different regions of 
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southern South America during MIS 2, 3, and 4, but glaciers likely enrobed significant portions 
of the Andes between ~42-55° S (Coronato and Rabassa, 2011), with tongues that extended 
down into the eastern lowlands (Kaplan et al, 2008; Darvill et al, 2016). Glacially-ground 
sediment supply was likely abundant below 42° S, while the fine-particle supply may have been 
less abundant to the north, farther from the active glaciers. Even if the “core” of the wind belt 
shifted equatorward, high sediment supply in the higher-latitude regions could mask the change.  
Second, the winds may have shifted, picking up material from farther north during the 
cold events-- but the signal might not survive the transport between South America and 
Antarctica. Markle et al (2018) recently hypothesized that atmospheric dust loads across 
meridional transport pathways are largely controlled by rainout processes, resulting in an 
exponential decrease in concentration along the direction of transport. Aerosols that come from 
more northerly locations face a larger latitudinal gradient to arrive in Antarctica, and therefore 
the signal of more northerly-sourced material is exponentially less likely to be recorded. Rainout 
processes do not explain the entirety of the flux change records in Antarctic ice cores; dust 
availability and source changes exert some measure of influence on the record, but it is likely 
that the dominant signal recorded in Antarctica is weighted toward the most southerly sources.  
The simplest interpretation for consistency of the isotope fingerprint of the dust found in 
West Antarctica during the last glacial period is that the source remains constant over that period, 
despite well-characterized millennial-scale changes in climate conditions across the Southern 
Hemisphere. Whether that constant source signal occurs because of fundamentally invariant 
transport pathways, the dominance of glacially-ground material in emissions, or washout physics 
that limit the recording of anything but the signal of the southernmost land masses is an open 
  185 
question that can best be answered with records closer to the potential source regions, and dense 
latitudinal transects that cover the dust transport pathways.  
4b. Deglacial sources and dynamics 
Deglacial warming in the Southern Hemisphere began ~18ka, coincident with Heinrich 
Stadial I in the Northern Hemisphere (WAIS Divide Project Members, 2013; Moreno et al, 
2015). Between ~18ky and 14.7ky, major rearrangements of the Southern Hemisphere climate 
began: atmospheric CO2 concentrations increased, the ITCZ likely shifted southward, and 
glaciers in southern South America retreated rapidly as atmospheric temperatures began to rise 
(Denton et al, 2010). Some models suggest that the position of the westerlies might have shifted 
southward, while others project that wind intensity would decrease, rather than the position 
changing (Lee et al, 2011). A pronounced shift in the provenance over the pre-ACR deglacial 
period (WD1-4, 14.9 to 17.5 ka) in the mixing curves that best describe the deglacial 
fingerprints.  Deglacial dust samples tend to have lower 206Pb/207Pb ratios (<1.19), lower 208Pb/207Pb 
ratios (~2.46) and higher 87Sr/86Sr ratios (<0.71) than glacial-age samples and sit outside the cloud 
of points described by most PSA’s (Figure 4-11). Direct matches for the deglacial samples are 
insufficient; the solutions minimize the distance between sample and PSA’s, but mixing theory 
provides solutions that more precisely describe the distributions observed. 
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Figure 4-11.The deglacial WAIS Divide samples fall on a different mixing curve than the glacial 
samples, suggesting they have a different long-distance-transported endmember. Mixing curves, 
drawn between the mean values of the PSA regional distributions (using concentrations from 
Table 3) and two of the MBL volcanic endmembers (Mt. Takahe and Mt. Berlin), do not neatly 
explain the deglacial distribution curve. Though a mixture of Mt. Takahe and CWA cleanly fits 
the deglacial distribution in (εNd(0) - 87Sr./86Sr space, those endmembers fit poorly when the Pb 
isotope data is included.  
 
 The best-fit mixing line for the deglacial samples cannot be described using any of the 
mean South American or Australian regional values, as it could for the glacial-age samples 
(Figure 4-11). Instead, the deglacial distribution curve is best described by mixing between a) 
Australian samples from different locations along the Darling river (Figure 4-11; Figure 4-12) 
and b) a Antarctic volcanic endmember (one with higher Sr concentrations than we observe in 
our heavily-Sr-depleted Mt. Takahe sample). Our Mt. Takahe sample is heavily depleted in Sr, 
with a Sr concentration of <10ppm (Borunda, in prep), and the mixing curves between that 
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endmember and any of the regional means or individual PSA’s miss the WAIS Divide glacial 
and deglacial samples. However, the Sr concentration in volcanic products is strongly indicative 
of the magma chamber dynamics in which the eruptive material was formed, and previous 
studies confirm that the Sr concentration of the Marie Byrd Land volcanoes can vary by over an 
order of magnitude (e.g. Lemasurier et al, 2011). Regardless of the exact volcanic endmember, 
the most likely source the second endmember—the long-distance-transported dust particles--for 
the deglacial stage is southeastern Australia providing ~ 70-95% of the total signal, with 
progressively more local volcanic contribution as the total fine particle concentration decreases 
across the deglacial (Figure 4-12; Figure 4-13). Our sampling does not dip into the Holocene, 
however, and further investigation of the Holocene source should be considered in order to flesh 
out the conclusions. 
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Figure 4-12. a, b, c) Mixing between any of the mean regional distributions and the MBL 
volcanoes does not describe the shape of the deglacial sample distribution (red stars with grey 
outlines). Most notably, the 208Pb/207Pb and 206Pb/207Pb ratios of the deglacial samples are lower 
than the glacial stage samples, forcing the solution to use an endmember with similarly low Pb 
ratios. There are very few PSA samples with Pb ratios low enough (see Figure 4-8), but those 
that do come from Australia, primarily, suggesting that the endmember is likely sources from the 
Darling or Murray basins, combined with some variable (10-20%) contribution from the MBL 
volcanoes. d,e,f) The PSA samples that most parsimoniously mix with the MBL volcanoes to 
describe the distribution of the deglacial sample distribution come from the Darling River basin. 
When these samples are used as an endmember, the mixing curves come close to several of the 
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Figure 4-13. When we identify the individual PSA samples as endmembers for the 2-endmember 
mixing model that most closely hew to the WAIS Divide deglacial sample distribution, we find 
that matches comes from Australia, somewhere along the Darling River. Deglacial WAIS Divide 
samples shown in red stars with grey outlines.  
 
 
The shape of the deglacial distribution cannot be described by a relative weakening of a 
South American dust source and an increasing Australian source; the mixing curves between 
South American endmembers and the potential Australian endmembers fails to describe the 
deglacial pattern (Figure 4-14). The deglacial pattern requires a sudden change to the system: 
either the Patagonian source turned off completely, “unmasking” an Australian signal that had 
previously been drowned out, or transport pathways changed completely, causing the Australian 
source alone to arrive at the WAIS Divide site.  
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Figure 4-14. Mixing solutions between Takahe and Patagonia (blue line with dark blue crosses), 
Takahe and a Darling River PSA sample (yellow line with red crosses), and Patagonia and the 
Darling River sample (blue line with purple crosses). Glacial-stage samples are shown with red 
stars with black outlines, and cluster within the South American PSA error envelopes (blue). 
Deglacial samples (red stars with grey outlines) sit outside that range and fall along a mixing line 
between Takahe and the Darling River. They cannot be decribed by a mixture of Patagonian and 
Darling River material. This implies that, in the transition out of the glacial, the Patagonian 
source suddenly disappeared from the WAIS Divide dust record. In its place, the Australian 
source emerged, buffered with ever-increasing relative contributions from the local volcanic 
sources. 
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4c. Comparison with previous interglacial periods 
Our deglacial samples look different from previously-published ICD from interglacials. 
Previous interglacial ICD samples from the East Antarctic plateau sit in a different space the 
main cloud of glacial-age ICD; with more negative εNd(0) between ~ -5 and -10 (Figure 4-15), 
compared to a glacial average of ~-3.0 (Delmonte et al, 2007). Our deglacial data, on the other 
hand, shows more positive εNd(0) and decreasing 87Sr/86Sr values over time, and lower 206Pb/207Pb and 
208Pb/207Pb. We are unable to directly compare our whole dataset directly to other ICD deglacial or 
interglacial samples, because no other ICD exist for which all three isotope systems have been 
measured simultaneously. As an exercise, we generated a synthetic dataset of EAIS ICD by 
plotting the Pb ratios reported by Vallelonga et al (2010) against mean glacial Sr and Nd isotope 
ratios (Delmonte et al, 2004; Delmonte el at, 2008; Figure 4-15). In this view, it becomes even 
more clear that the interglacial samples from EAIS differ from the deglacial stages at WAIS 
Divide. Because the dataset is synthetic, any interpretations are speculative, but possible sources 
include the PAP (e.g. Gili et al, 2017); the South Island of NZ; or the Murray Basin of Australia. 
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Figure 4-15. The WAIS Divide deglacial period dusts do not resemble dust fingerprints from 
EAIS ice cores from previous interglacial periods (“EAIS-interglacial,” orange diamonds with 
black borders; Delmonte et al, 2010; Vallelonga et al, 2010). As previously explained, the Pb and 
Nd measurements were not made on the same samples and therefore cannot be plotted together, 
but we generated a “synthetic” dataset by plot the Pb ratios along the mean ɛNd signatures from 
all interglacial data. A) and B) show mixing hyperbolae between Mt. Takahe and the regional 
mean values, with the hyperbolae plotted in the same color as its respective error ellipse. C) and 
D) show the mixing hypebolae between Mt. Berlin and the regional means. Because the dataset 
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is synthetic, interpretations are speculative, but possible sources include the PAP (dark blue, e.g. 
Gili et al, 2017); the South Island of NZ (grey); or the Murray Basin of Australia (orange).  
 
4d. Mechanisms and effects 
There are two ways to change the geochemical signature of distal dust in Antarctica: 1) 
changing the source, or 2) changing the transport pathways that uplift and/or deliver the dust. For 
interglacial and deglacial periods, both factors are likely to be at play. Our data suggests that the 
South American source disappears completely from the WAIS Divide record at the start of the 
deglacial period. As discussed above, this would imply either that the Patagonian dust supply 
decreases rapidly as glaciers begin to retreat or that the transport pathways to West Antarctica 
change so that South American dust is no longer picked up and/or delivered to the WAIS Divide 
site.  
Revel-Rolland el al (2006), in explaining that EAIS interglacial ICD comes from 
Australia, suggest that dust source strength is the key factor influencing the Antarctic signal. 
Though Australian dust is produced and uplifted consistently throughout the glacial (Petherick et 
al, 2009), the overwhelming contribution of glacially-derived material from South America 
drowns the signal during the high-dust periods (Revel-Rolland et al, 2006). But in warm stages 
such as MIS 5.5 and the Holocene, Revel-Rolland and colleagues suggest that South American 
glacier-produced dusts recede in prominence as South American glaciers begin their rapid retreat 
during the deglacial, allowing the Australian dust signature to emerge. Gili et al (2017), on the 
other hand, provided a different interpretation of the interglacial source, invoking both a source 
change and a transport change argument. They point out that South American regional sources 
could explain the signature of dust delivered to Antarctica during both glacials and interglacials. 
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During the interglacials, a weakened subtropical jet dries out the South American dust sources 
closer to the equator, such as the PAP and the CWA, increasing dust production (Gili et al., 
2017). In addition, they cite evidence of increased activity the northern section of the westerly 
band (~33-40°S), potentially facilitating uplift and transport of more northern sources. 
WD deglacial dust does not resemble previous interglacial dust signatures, indicating that 
the dynamics at play are different. Southeastern Australia is the most likely source of the 
deglacial dust. The mechanism by which dust produced so far north—in either Australia, where 
the Lake Eyre, Murray, and Darling regions sit at ~30-35°S, or in the southern Puna Altiplano, 
~30°S-- can be delivered to Antarctica is not clear. A mechanism affecting the intensity and 
waviness of the southern hemisphere midlatitude jet—producing storms that penetrate far south 
into the deep Southern Ocean and up onto the Antarctic continent--seems necessary to explain 
the signature changes both at WAIS Divide and elsewhere in Antarctica. Dominant transport 
pathways over the southeastern Australian continent are also driven by the southern hemisphere 
jet. However, the jet is not zonally symmetrical, and as a consequence, the westerlies are both 
weaker and more latitudinally variable in the South Pacific (e.g. Ding et al, 2012). Most notably, 
the jet splits over Australia in modern austral winter, with a northern branch directing some 
stormtracks toward the subtropics, and a southern branch tracking storms toward the Southern 
Ocean.  If, during deglacial, Earth’s southern and northern hemispheres are both warming, 
reducing the interhemispheric temperature gradient, jet intensity might decrease overall, resulting 
in increased southern branch waviness and allowing storms to penetrate farther south. 
5. Summary and Conclusions 
Glacial-stage dust extracted from ice cores at WAIS Divide (in West Antarctica) and 
from Taylor Glacier (in the Ross Sea sector of East Antarctica) is likely sourced from Patagonia, 
near the southern tip of South America; this result is robust, using either mixing solutions or 
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direct PSA-sample matching strategies. The new ice core dust provenance data can be neatly 
explained by mixing between the Patagonian mean fingerprint and local Antarctic volcanic 
endmembers. The source does not change across millennial-scale climate events, suggesting one 
of two options: 1) that the position of the westerly winds—which uplift the dust from the source 
regions and carry the particles southward to Antarctica—did not change significantly across 
those event, or 2) that the signature of dust delivered to Antarctica during the glacial period is 
insensitive to changes in source, because of source region processes (e.g. overwhelming 
influence of glacially-ground material in the Patagonian zone where glaciers were highly active 
before the last deglacial, ~18ka) or because of washout processes in transport (Markle et al., 
2018). 
The dust-source and transport dynamics during the deglacial interval that we sampled, ~ 
18 to 15 ka, do indicate a possible change in source underway, though further investigation of the 
Holocene signature is needed to flesh out the full dynamical shift. Using multidimensional two-
endmember mixing, the most likely source for the deglacial dust is southeastern Australia, 
indicating that a) the Patagonian source shut off abruptly at the end of the glacial period, 
unmasking the Australian signature, and or b) the transport pathways changed dramatically, 
allowing the penetration of dust from far further north (~30-35°S, as opposed to ~48-53°S) to 
arrive at the central West Antarctic plateau. We conclude that as the deglacial progressed, the 
westerly jet weakened, allowing for storms to “wobble” more and those that originated from the 
Australasian region to penetrate into the Antarctic continent. 
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6. Tables 
Table 1. Sample information, concentration, and isotope data for the WAIS Divide and Taylor 
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Table 2. PSA source data references. See specific references for more information about the 
samples themselves. Most authors report results for different grain size fractions; in these 
analyses, we include only data for the <5 um grain size, even if bulk values are also reported in 












Citation Location Sr concentration 87Sr/86Sr Nd concentration !Nd Pb concentration 208Pb/207Pb 206Pb/207Pb
DeDeckker et al, 2010 Australia n n n n n y y
Delmonte et al, 2004 South America n y n y n n n
Southern Africa n y n y n n n
New Zealand n y n y n n n
Australia n y n y n n n
Antarctica n y n y n n n
Delmonte et al 2013 Antarctica n y n y n n n
Gili et al, 2016 South America y y y y n y y
Gili et al, 2017 South America y y y y n y y
Gingele and DeDeckker, 2005 Australia n y n y n n n
Grousset et al 1992 South America n y n y n n n
Southern Africa n y n y n n n
Australia n y n y n n n
Antarctica n y n y n n n
Marx and Kamber, 2010 Australia y n y n y n n
Recasens, en prep South America y y y y y y y
Revel-Rolland et al, 2006 Australia n y n y n n n
Sugden et al, 2009 South America n y n y n n n
Vallelonga et al, 2010 South America n n n n n y y
Southern Africa n n n n n y y
New Zealand n n n n n y y
Australia n n n n n y y
Antarctica n n n n n y y
Basile et al, 1997 EAIS-ice cores n y n y n n n
Delmonte et al, 2004 EAIS-ice cores n y n y n n n
Delmonte et al, 2007 EAIS-ice cores n y n y n n n
Delmonte et al, 2008 EAIS-ice cores n y n y n n n
Delmonte et al, 2010 EAIS-ice cores n y n y n n n
Grousset et al 1992 EAIS-ice cores n y n y n n n
Vallelonga et al, 2010 EAIS-ice cores n n n n n y y
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Table 3. Data used for mixing calculations. We take the mean isotope ratios and concentrations 
from our regional distinctions Element concentrations are rarely reported alongside isotope data 
for individual samples. We compiled concentration data from the original works when possible 
and from other published dust, loess, or fine sediment datasets (see Table 2 for sources). In some 
cases, we estimated element concentrations using published data from comparable samples; in 











Table 4. Mixing solutions for WD and Taylor Glacier samples using the endmembers in Table 3. 
The mixing calculation includes all isotope systems (Sr, Nd, and Pb). The primary solutions for 
Data sources Source Type Source Sr concentration 87Sr/86Sr Nd concentration !Nd Pb concentration 208Pb/207Pb 206Pb/207Pb
ppm ppm ppm
Borunda et al, in prep MBL volcano  Takahe 14 0.703200 68 3.01 8 2.5190 1.2723
Borunda et al, in prep MBL volcano  Berlin 3 0.705138 127 4.93 23 2.4880 1.2255
Borunda et al, in prep MBL volcano  Berlin (collected at Mt. Moulton) 434 0.703131 18 5.40 2 2.4660 1.2176
Borunda et al, in prep MBL volcano  Waesche 2071 0.702873 65 5.69 5 2.4900 1.2625
Gili et al, 2017 <5 "m dust Puna Altiplano (PAP) 587 (n = 1) 0.7139937 (n = 11) 22 -8.65 (n =9) 22 2.4816 (n = 6) 1.1993 (n = 6)
various sources (see 
Table 2) <5 "m dust Central Western Argentina (CWA) 164 (n = 15) 0.710731 (n= 29) 23 (n = 35) -3.834 (n = 16) 22 2.4734 (n = 13) 1.1980 (n = 13)
various sources (see 
Table 2) <5 "m dust Patagonia (Pat) 112 (n = 53) 0.709606 20 (n = 49) -1.62 23 (n =32) 2.4692 (n= 68) 1.1955 (n= 68)
various sources (see 
Table 2) <5 "m dust  Lake Eyre Basin (LE) 247 (n = 5) 0.710047 (n = 13) 14 (n = 5) -3.52 (n = 11) 12 (n = 5) 2.4814 (n = 9) 1.2032 (n = 9)
various sources (see 
Table 2) <5 "m dust  Murray catchment 120 0.730832 (n = 23) 36 (n = 16) -8.64 (n = 23) 19 ( n = 14) 2.4520 (n = 14) 1.1709 ( n= 14)
various sources (see 
Table 2) <5 "m dust  Darling catchment 109 (n = 17) 0.714616 28 ( n = 17) -2.89 18 (n = 15) 2.4642 (n= 12) 1.1847 (n =12)
various sources (see 
Table 2) <5 "m dust  New Zealand, South Island (SI) 120 0.713052 (n= 15) 20 -6.0153 (n= 15) 20 2.4774 (n= 7) 1.2018 (n= 7)
Patagania "floor" <5 "m dust Santa Cruz, Patagonia 73.2 0.709500 16 -2.90 19 2.4653 1.1963
Erebus EAIS volcano Mt. Erebus 1123 (n = 16) 0.703029 (n = 50) 88 (n =16) 5.23 (n =35) 4 ( n= 8) 2.5249 (n= 48) 1.2745 (n = 48)
Borunda et al, in prep
<5 "m dust, from marine 
sediment core ELT39.75 ELT39.75 mean, 21ka-81ka 132 (n = 23) 0.715490 18 (n =23) -5.63 19 (n = 23) 2.4847 (n = 23) 1.2061 (n= 23)
Grey: estimated value. Blue: mean calculated from published data (see Table 2 for sources).
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glacial-age samples invoke one of the MBL volcanic endmembers (either Mt. Takahe or Mt. 




7. Supplemental Material 
 7a. Geochemical mixing: Two-endmember isotope mixing 
 While a point-to-point matching of a single ice core dust sample and PSA samples may 
yield inconclusive results, because of overlaps in the PSA datasets, a suite of ice core samples 
tend to display some spread. Often, those samples are distributed along an array that can be 
explained via simple two-endmember isotopic mixing.  
In a conservative two-endmember mixing system, the observed isotope ratio of a sample 
depends on the proportional contribution of each of the two endmembers. In the simplest case, 
Sample Endmember 1 % contribution Endmember 2 % contribution
WD1 n/a n/a n/a n/a
WD2   Erebus  8 Pat 92
WD3   Takahe  11 Pat 89
WD4   Takahe  14 Patagonia-floor 86
WD5   Berlin  3 Patagonia-floor 97
WD6   Pat  57 Patagonia-floor 43
WD7   Pat  33 Patagonia-floor 67
WD8   Takahe  11 Patagonia-floor 89
WD9   Berlin  2 Patagonia-floor 98
WD10   Berlin  4 Patagonia-floor 96
WD11   Takahe  15 Patagonia-floor 85
WD12   Takahe  20 Patagonia-floor 80
WD13   Takahe  10 Patagonia-floor 90
WD14   Takahe  13 Patagonia-floor 87
WD15 Lake Eyre 21 Patagonia-floor 79
WD16   Takahe  8 Patagonia-floor 92
WD17   Takahe  8 Patagonia-floor 92
WD18 n/a n/a n/a n/a
WD19   Takahe  45 Patagonia-floor 55
WD20   Takahe  17 Patagonia-floor 83
TG_H1a   Berlin  4   Pat  96
TG_H1b   Takahe  4   Pat  96
TG_H2a   Takahe  23 TS 77
TG_H2b   Berlin  3   Pat  97
TG_H3a   Takahe  5   Pat  95
TG_H3b   Takahe  5   Pat  95
TG_H2c   Berlin  2   Pat  98
grey: glacial period samples
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the relative contributions of endmembers A and B to a mix can be calculated using a simple mass 
balance equation, by inserting the observed elemental concentrations of the two endmembers and 
the mix (adapted from Faure, 2005):  
 𝑋W	 = 	𝑋X	𝑓$ + 𝑋Y	(1 − 𝑓$) 
eq. 1 
 
If, in addition to the concentrations of the endmembers, an isotopic ratio of the endmembers is 
known, the equation can be expanded to include the new information. 
     
? SrZESrZ[ @W	 = ? SrZESrZ[ @X	 𝑓$ 	\SrXSrW]W	 + ? SrZESrZ[ @Y	 (1 − 𝑓$)	\SrYSrW]W	 
eq.2 
 
The linear equation can be used to calculate any proportional mix of the two endmembers. 
Alternatively, one can solve for the fractional contribution of either endmember simply by 
solving for fa and fb. 
 The same equation can be solved for other isotope systems, such as 143Nd/144Nd. The 
hyperbola generated by plotting the solutions to complementary mixing equations takes on a 
curvature characteristic of the ratio of concentrations of the elements of interest (Supplemental 
Figure 1a). In other words, the curvature is controlled by the parameter r, where  
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When r = 1, e.g. when the ratio of Nd(ppm) to Sr(ppm) in each sample is equal, the 
mixing hyperbola is linear. Most often, though, the ratios of concentrations of the relevant 
elements differ. For instance, a typical Nd/Sr ratio of a Patagonian glacial sediment is 
~20ppmNd/300ppmSr, or r = 0.067 (Gaiero, 2007a).  In contrast, a heavily depleted West 
Antarctic volcano from Marie Byrd Land might have a Nd/Sr ratio of ~90ppmNd/~10ppmSr, or r 
= 9 (Sims et al, 2008). 
If r<1, as in the Patagonian case, the mixing hyperbola is concave. The depth of the 
convexity is controlled by r such that a smaller r-value intensifies the curve, and an r-value 
closer to 1 flattens it (Supplemental Figure 1a). In contrast, an r value >1 generates a concave 
down curve.  
Of course, r can be manipulated by adjusting the Sr or Nd concentrations within 
endmembers, or between endmembers. Therefore, the curvature observed in the mixing 
hyperbola is indicative of r, but there are infinite solutions that can generate the appropriate r 
(compare Supplemental Figures 1a and 1b). 




















figure 1: : manipulating r by changing SrA
r=1
SrA/SrB = 10, r = 0.1
SrA/SrB = 2, r = 0.5
SrA/SrB = 1/2, r = 2
SrA/SrB = 1/10, r = 10
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figure 2: manipulating r by changing NdA
r=1
NdA/NdB = 10, r = 10
NdA/NdB = 2, r =2
NdA/NdB = 1/2, r = 0.5
NdA/NdB = 1/10, r = 0.1






















figure 3: changing Sr ratio, without changing r
r=0.1, 87Sr/86Sr = 0.720
r=0.1, 87Sr/86Sr = 0.721
r=0.1, 87Sr/86Sr = 0.722
r=0.1, 87Sr/86Sr = 0.723
r=0.1, 87Sr/86Sr = 0.724
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d) 
Figure 4-16. Supplemental Figure 1. Effect of changing r on the curvature of the mixing 
hyperbola. In this example, r was changed by manipulating the concentration of Sr in 
endmember A. See table for concentration values and ratios for endmembers A and B. In all 
figures, colors correspond to the values of variables being changed, in order from red (highest 
initial concentration), yellow, purple, and green (lowest initial concentration). In (a), the SrA 
concentration is decreased while other concentrations are held constant, so r increases from 
redàgreen. In (b), the NdA concentrations are decreased in the same way; therefore r is highest 
(>>1) in the red line and lowest (<<1) in green. (c) and (d) show how changing an endmember 
















figure 3: changing Sr ratio, without changing r, r =2
r=2, 87Sr/86Sr = 0.720
r=2, 87Sr/86Sr = 0.721
r=2, 87Sr/86Sr = 0.722
r=2, 87Sr/86Sr = 0.723
r=2, 87Sr/86Sr = 0.724
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ratio (in this case, SrB) without changing the r value affects the shape and path of the 
hyperbolae.  
 
The isotopic ratios of endmembers A and B also affect the shape of the mixing hyperbola. 
Supplemental Figure 1c illustrates the effect of changing the endmember B ratio while 
maintaining a constant r of 0.01, and Supplemental Figure 1d repeats the calculations using an r 
of 2, for comparison. For the first set of calculations, we observe that as 87Sr/86Sr increases, the 
curve progressively shallows and shifts slightly right. For a 50% mix of A and B where Sr ratioA 
= 0.709 and Sr ratioB = 0.7240 (and a constant r of 0.01) the difference in the Sr ratio of the 
solution is 0.0004: well within the range of natural variability in many natural rocks. However, 
endmember ratios can more dramatically change the solution of the mix in cases where r is 
closer to 1. In fFgure 1(d), we change the SrB ratio in the same increments as previously, but 
using an r of 2. In this case, the difference between the solutions is 0.0027, nearly an order of 
magnitude larger than in the previous example. Both r  (and therefore element concentrations) 
and the endmember ratios affect the shape of the curve, but their relative importance varies. 
We present these calculations for two reasons. First, we stress that accurately knowing 
the elemental concentrations of endmembers is critical for solving mixing equations. Many 
previous studies report only the isotopic ratios of potential source area samples without also 
presenting concentration data; this limits the usefulness of those data to calculating mixing. 
Second, we emphasize the utility of mixing curves as tools to identify sources. While infinite 
solutions to a mixing problem exist, careful observation of the shape of the sample distribution, 
together with knowledge of the possible endmember geology and geochemistry, can be used very 
effectively to narrow the range of possible mixing solutions. For example, Langmuir et al (1978) 
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explained trends observed in Iceland basalts via mixing theory, clarifying which geologic 
processes control the observed ratios in two different suites of samples. 
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